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The nine papers included in this volume were pres<nted by NASA
research staff members at the Nationsl Meeting on The Future of Manred
Military Aircraft sponsored by the Institnute of the Aeronautical
Sciences and held in San Diego, Celif., from August 1 to August 3, 190(0.
Because, together, they provide a comprehensive summary of research iy
NASA in the areas covered, they have been compiled in thic publication

for the informetion of personnel concerned wi—-h the design and prucure-
ment of manned military aircraft.
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COMPILATION OF PAPERS SUMMARIZING SOME RECENT
'NASA RESEARCH ON MANNED MILITARY ATIRCRAFT*
By Staff of the NASA

. I. VIOL ATRCRAFT - STATE OF THE ART
By Robert H. Kirby
Langley Research Center

INTRODUCTION

During the last few years a large number and wide variety of VIOL
eircraft types have been studied; some of them promising, some not so
promising. The purpose of this paper is to summarize briefly the state
of the art in this field and to indicate which of the types are most
promising, to bring out applications where they are best suited and to
indicate what is needed in the way of additional research and development.

DISCUSSION

Before the different types are considered individuslly, the factors
that determine their logical areas of application are discussed.

A basic relationship that exists between the four propulsion types
in hovering is shown in figure l. BHovering effectiveness, which is
defined as the amount of vertical lift produced by & given amount of
power, is shown as & function of slipstream or Jet velocity. The heli-
copter rotor moves & large mass of air downward at a low velocity whereas
the turbojet accelerates a small mass of air to very high velocities.

A good indication of the meaning of hovering effectiveness can be obtained
from the fuel consumption of the different types. For hovering with a
given payload, the propeller VIOL will use about 3 to & times the fvel
used by the helicopter whereas the jet would use in the neighborhood of
25 times &s much as the helicopter. Obviously, the hovering time of
these higher performance aircraft has to be kept to a minimm.

The differences in the slipstream velocities shown in figure 1 are
often cited as reasons for accepting or rejecting various VIOL configura-
tions. It is probably true that the higher velocities associated with

1"T.ﬁ;le , Unclassified.
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propeller, ducted-fan, and turbojet aircraft will increase the severity
of the problems of ground erosion and recirculation of dust and debris
that has been experienced with helicopters when operating from unprepared
" bases. Just how much more of e problem this will be, however, seems to
be open to question.

Recent National Aeronautics and Space Administration downwash
studies with models have indicated that good sod will not dicintegrate
under the impact of heavily loaded propeller slipstreams. Experience
with the Short S.C. 1 in Ireland, has indicated that even turbojet-
lifted airplanes can perform certain limited operations from substantisal
sod.

For logistic support or assault transport missions with propeller-
driven aircraft, it would seem to be possible in most cases to find a
grass fleld or a very hard dirt surface for the operation of VIOL air-
craft and thereby avoid serious ground erosion problems. This problem
is & localized problem right beneath the airecraft. In the surrounding
area, the concern that high-velocity slipstreams will be more prone to
blow over personnel and equipment some distance from the aircraft is
contrary to existing experimental evidence, the reason being the very
rapid dissipation of the energy in the smuller, higher velocity slip-
streams. (See fig. 2.) Shown at the top of figure 2 is a helicopter
and a typical four-propeller tilt wing, both.weighing the same (about
30,000 pounds). The helicopter has a rotor diameter of 72 feet and there-
fore a disk loading of about 7.5. The propellers are 15 feet in diameter

with a disk loading of &3 or about 5%- times that of the helicopter.

The sketches at the top of figure 2 show the rotor and propeller slip-
streams as they flow down and then out along the ground. These velocities
along the ground are plotted in figure 2 against distance out from the
center of the aircraft and the plots show that the velocities decay as
the distance increases. The solid line fs the horizontal velocity of

the propeller slipstream and the dashed line is for the helicopter.

This plot shows that, although the propeller velocities are higher at
the start, they decay so rapidly that in a very short distance, in this
case sbout 18 feet from the tips, the velocity is less for the propeller
than for the large rotor. It would not be expected that personnel or
equipment would often be any closer than this crossover point to either
of the machines during take-off or landing. It should also be pointed
out that the slipstream from the small propeller is only about sne-fourth
as deep as that for the rotor. This discussion of ground effects 1s not
intended to imply that the higher slipstream velocities will not cause
operational probleéms in the field; certainly, tround erosion and related
subjects are much in need of research and operational evaluation, but

it does seem that the slipstream problem may not be as great as it is
sometimes pictured to be.
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As indicated earlier, the large rotor is the most effective way of
producing verticel 1ift but this is only one part of the answer. When
the misslon calls for higher speed and longer range, an efficient for-
ward flight system - something like that of the conventional airplane -
is needed. The power-required curves of figure 3 show the shortcomings
of the helicopter in this regard. There is a rapid increase in power
required for the helicopter at low forward speeds. With some of the
higher performance VIOL aircraft, such as propeller tilt-wing, ducted-
fan, and turbojet types, the efficiency of the conventional airplane in
cruising flight can be approached.

The following areas of application shown in figure 4 where hoveri-g
time is plotted sgainst cruising speed were thus obtained: helicopter.:
for long-hovering and low-speed missions, other roto types for a littie
higher speed and range, propeller and ducted-fan VICL aircraft where
higher speed and range is a big factor, and turbojets where speed is the
nrimary considersation.

These types will now be considered individuclly to determine the
most promising ones in esch area.

The helicopter, of course, is ulready well cstablished and, with
expected improvements, should continue to be the best VIOL for missions
such as flying cranes, rescue, and forward-area operations where long
hovering time is required and where low speed and short range are
acceptable.

Figure 5 shows two cother rotor types: the compound o dual pro-
pulsion on the left and the tilt rotor on the right. Here the disk
loadings have increased only a little above the helicopter, about 8 or
so on the ~compound and up to about 20 for the tilt rotor; thus, these
are promising types for arplications where a large amount of hovering
and low-speed operation is still required but where somewhat higher
cruising speed and range are needed than can be achieved with the
helicopter.

The state of the art is further advanced for the compound heli-
copter than for the tilt-rotor machine, mainly because its development
has been actively pursued in England &s the Rotodyne. It appears that
a machine of the Rotodyne type may operate reasonably satisfactorily
as a commercial transport provided certain operating probiems, such as
the high noise level and high operating cost, can be solved. The
development of a military version of this aircraft would seem to be a
fairly straightforward procedure.

The technical feasibility of the tilt rotor has been demonstrated
successfully. A few objectionable handling qualities have been discovered
but they seem to be largely functions of the very lightly loaded rotors
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of the research machines and might not be such serious problems on &
trausport-size alrcraft with more heavily loaded rotors. Although it
does appear possible to develop an opersastional tilt-rotor machine,
interest in this type seems to be limited because of sirong competition
from two other VIOL types, the compound heiiccpter which could be avail-
able for operational use sooner and propeller configurations which offer
better cruising performance.

Propeller-driven VIOL's {particularly tilting wing and deflected
slipstream types) have received much attention. Figure 6 illustrates a
configuration that combines the two types somewhat by having a tilting
wing with a large chord slotted flap and results in a configuration that
is considercd to be one of the most promising VIOL types, particularly,
for use on short or medium transport missions. A configuration like
this would take off and land in a short distance (STOL) where poseible,
such as from rear supply areas and for ferry hops, but would have the
vertical take-off and landing (VIOL) capability where needed. For one
particular mission, that of a small logistic support tramsport which
was studied in connection with an ASR (Army Service Requirement) program,
& tilt-wing configuration of this type seemed to offer very promising
performance in terms of payload, range, and operating cost.

Fairly extensive wind-tunnel and flying-model research on advanced
configuratiors such as this type have indicated solutions to most of
the peculiarities of the early propeller test beds. It is now felt that
there are no technical barriers to the design and construction of a
machine of this type for obtaining operational experience. Of course,
additional research and deveiopment is still needed.

To date, ducted-fan VIOL aircraft have appeared to be generally
less promising than other types but there are three ducted-fan applica-
tions for military use thet should be mentioned. The Iirst configurations
are for a special low-speed application and have been termed flying plat-
forms and light combat aerial vehicles (sometimes called aerial Jjeeps).
These machines are the result of an effort to give the Army a utility
machine that would be simple, compact, and easy to fly. Research to
date, however, has not revealed any configurations likely to meet the
requirement of being simple and easy to fly and the machines tested to
date have been restricted in forward-flight performance.

The second ducted-fan applications are the fan-in-wing and fan-in-
fuselage configurations. These aircraft have ducted fans buried in the
wing or fuselage for vertical take-off and landing and for cruising
flight the fans are covered over and conventional turbojet propulsion
is used. Recent research has revealed an unexpectedly severe problem
in the transition speed range for both these submerged fan types and for
lifting-jet engine configurations. The problem arises from the inter-
ference of the fan or jet exhaust with the free-stream airflow. Pigure 7
illustrates the effect of this interference and shows a planform with
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high velocity exhausts in the center, elther from jets or fans. At the
low forward speeds during the transition the exhaust interferes with

the free-stream flow, causes it to speed up to get around the exhaust,
and also separates in some regions behind the exhaust; as a resuit nega-
tive pressures occur over large areas of the lower surface. The nega-
tive pressures are represented here by the shaded portions, the darker
shades meaning lower pressures. If it 1s not teken into consideration
in designs that have flat areas beside -and behind bigh velocity exhaust,
this low-pressure region could result in large losses .a lifi, large
pitching moments, and stability problems during the transition between
hovering and forward flight. The fan-in-wing or fap-in-fuselage types
might £ind military application where high subsounic or supersonic spoeds
are needed, but there are problems that will have to be carefully
resolved before the system is ready for operational use.

The third and most successful ducted-fan VIOL to date is the tilting-
duct type shown in figure 8. The wing-tip-mounted ducts rotate through
90° for hovering and forward flight. The technical feasibility of this
type hes been demonstrated and its state of the art is approximately the
game as thos< fcr the tilt-rotor and tilt-wing configurations elthough,
at this time, not quite as well supported by wind tunnel and flight-test
experience. This type could have merit for certain military applica-
tions where compactness is desired at the expense of some hovering effi-
ciency and short take-coff end landing cepability.

A number of turbojet VIOL configurations have received attention,
such as ones using tilting Jets, deflected jets, and small lightweight
lifting jets. Although these types have been demonstrated to be techni-
cally feasible with varying emounts of research and several Jet research
aircraft have been successfully tested, no operational aircraft have
“een flown. There is one small operational Jet, howeve _ that is expected
to fly ir the near future. I{ is the Hawker P.1127 transonic strike
aircraft shown in figure 9.

With a VTOL weight of about 12,000 pounds the Hawker is powered
with a Bristoi BE-53 turbofan engine with swivelling nozzles, two on
each side of the fuseiage. In hovering, the four nozzles are pointed
downward and the transition is performed by rotating the nozzles
rearwvard.

In this country most of the interest of the military h..! been in VIOL
supersonic fighters but their development is expected to follow well
behind that of other VIOL types. The operational experience to be gained
with this subsonic configuration should provide some of the information
needed for proceeding to the supersonic applications.
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The plot of hovering time against cruising speed (fig. 10) is again .
shown to indicate the four most promising types at the present state of
the art in their respective areas. Now that the feasibility of these
types has been established, the VIOL aircraft field is now ready for the
next step, that is to build some of these higher performance machines
s8¢ that the operational experience needed to determine their potential
can be obtained and to define more clearly the service requirements in
the various areas. It is expected that this experience will be gained
in the near future with the machines on each end of the chart (f£ig. 10),
the compound helicopter and the turbojet fighter. It appears highly
desirable, therefore, to obtain as soon a&s possible an operational tilt-
wing machine which fills in the middle of the chart and seems particularly
well suited for transport missions that require long range and where
higher speed 1s advantageous.

By indicating that operationally useful machines can and should be
obtained at the present state of the art, it is not meant that a great
deal of research is not still needed in this field. On the contrary,
before the full potential of VIOL systems is realized, there is a vast
arount of research, development, and experience needed.

Problem areas common to all of the VIOL types and needing additional
research and development are: cost and weight of airframe and propulsion
system, handling gqualities, all-weather capability, and ground erosion
and recirculation. Cost and weight both must be reduced for the air-
frames and, much emphasis must be placed on propulsion systems, including
gearing, rotors, and propellers. Continued research is needed on handling
qualities and all-weather capabllity is something that must be achieved
to utilize these machines fully. In addition ground erosion and recircula- "’
tion needs evaluation, particularly for the higher performance types.

Even the helicopter, which is being obtained in increasing numbers,
is far from an optimum system. BResides needing & drag reduction program
to improve its range and endurance, the helicopter has many other areas
still needing attention. The cyclic loads, particularly in the cruising
range and vibration are problems. All-weather capebility should again
be emphasized for the helicopter and the need for improved behavior when
operating in or near severe turbulence.

The compound helicopter will also have some of these problems plus
a few of its own such as rotor instabilities at the higher forward speeds.
Reduction of hub, pylon, and interference drag will be even more important
at these higher speeds. If tip-driven rotors are used, the noise level
is & big problem and, in this connection the question of whether a tip-
driven or gear-driven rotor is best for the compound helicopter is not
clear at this time. There are proponents for cach method both here and

in England; therefore, their relative merits are in need of evaluation.
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The tilt-wing configuration needs detailed research on loads and
stresses leading .c the development of lightweight propellers, research
on gearing and turbine cngi=es leading to lighter weight and especielly
lower cost and greater freedom fror maintenance, and continued structural
research; all of these lead to a higher percentage of useful load to
gross weight.

In addition continual aerodynamic and flight research on improved
performance and handling qualities and operational evaluation of compro-
mise factors such as VIOL and STOL capability, speed as opposed to rangc,
and the seriousness of ground erosion problems are needed.

Some of the more important research needs of turbojet coniigurations
are discussed next. The need for the development of lightweight engines
cannot be stressed too greatly. Noise and ground erosion and ingestion
problems will have to be evaluated and reduced. And finally, operating
problems could be especislly severe with turbojet configurations.

Research is being carried on in many of these areas at the present
time and others will undoubtedly be studied in the near future. Some,
such as the development of really lightwelght, inexpensive gas turbines,
will need concerted effort, time, and ingenuity to solve, and many are
such that only experience with us:ful machines can effectively show the
way. .

CONCLUDING REMARKS

Although a great deal of research and development will be required
before operational VIOL aircraft will be obtained, the state of the art
in this field has advanced to the point where operationally useful machines
of some VIOL types can be designed and built. There is a great need now
for experience with such aircraft to determine their capabilities under
conditions of field operation. Efforts should be made as soon &8 pos=~
sible to obtain operational machines to provide this experience.
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Figure 1l.- Variation of hovering effectiveness with slipstream or jet
velocity for various propulsion types.
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Figure 2.- Comparison of slipstream velceity along the ground for a heli-
copter and a typical four-propeller tilt-wing configuration.
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OTHER VTOL TYPES-\
POWER \ HELICOPTERS—\ W/

REQUIKRED ®

COVENTIONAL
AIRPLANES

FORWARD SPEED

Figure 3.- Typical variation of power required with forward speed for
various VIOL types.
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Figure 4.- logical areas of applications for various VIOL types.
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(a) Compound helicopter. (v) Tilt-rotor configuration.

Figure 5.- Rotor types.
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Figure 7.~ Effect of interference between exhaust and free-stream flow.
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Figure 9.~ Hawker P.1127 turbofan configuration.
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HELICOPTERS
HOVERING
TIME
PROPELLER
TILT-WING
- ~ TURBOJET FIGHTER
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Figure 10.- The four most promising types at the present state of the art
in their respective areas of application.
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By Edward C. Polhamus and Alexander D. Hammond
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Langley Research Center
INTRODUCTION

The development of a rmultimission military aircraft would be highly
desireble both from the standpoint of eesing the strain on the national
budget by reducing the number of aircraft types and of providing versa-
tility which would increase the effectiveness of the aircraft in the per-
formance of & given mission. Some of the capabilities which might be
required of such an aircraft are shown in figure 1 along with their
respective aerodynamic and configuration requirements. The first three
capabilities are grouped together since they all require good subsonic
characteristics. The first, a long loiter capability for combat air
patrol and th. second, a long ferry range for efficient aircraft deploy-
ment both require a high subsonic lift-drag ratic. The third cepability,
STOL, is desirable for carrier and short-field operation and requires
the development of high lift. All three of these capabilities can test
ve obtained with a high-aspect-ratio wing having a large span and & low-
sweep angle. The fourth capability is that of a high-altitude supersonic
attack or intercept and requires a high 1ift-drag ratio at superscnic
speeds which dictates a rather slender (. ufiguration with a moderate-span
wing which is either very thin or highly swept. The fifth capability
listed in figure 1 is that of a low-altitude high-speed attack that
would increase the probability of long-range penetration of antiaircraft
defenses. The high dynamic pressurec encountered on the deck at high
speeds require a low-lift-curve slope to reduce the gust-induced normal
accelerations, and low friction and wave drag (drag due to lift is
insignificant at high dynamic pressures) to assure sufficient speed and
range. In order to best satisfy these requirements, a slender aircraft
having little or no wing is required. It is apparent from figure 1 that
these five capabilities are highly incompatible and that an efficient
miltimission aircraft will require a means of varying its serodynamic
characteristics. This can be best accomplished with some tyzz of
variable-wing geometry. There are, of course, several types of variable-
wing geometry. However, in view of the extremely large variations in
ving span desired, variable wing sweep, as indicated in the lower right
sketch of figure 1, appears to provide the best method. The Langley
Research Center of the National Aeronautics and Space Administration has
therefore initiated & research program o provide the aerodynsmic informa-
tion needed for the development of a variable-sweep multimission military
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aircraft, and it .s the purpose of this paper to briefly describe some of

the results of Jhis program.

SYMBOLS
C1, 1ift coefficient
Cig litt-curve slope
Cy rolling-moment coefficient
T pitching-moment coefficient
CmCL longitudinal -stability parameter
Cn yaving-moment coefficient
c wing chord
Dy induced drag
g | acceleration due to gravity
L/D lift-drag ratio

(L/D)max paximum lift-drsg ratio

M Mach number

An normal -acceleration increment
pb/av nondimensional rolling velocity
w weight of aircraft

Q angle of attack

Ty tail dihedral

5!1'1‘ horizontal-tail deflection
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A wing sweep angle
WING DEVELOPMENT

Variable wing sweep, of course, is not a rew concept aud the feanti-
bility of in-flight-sweep variations has been demonstrated with the Bell
X-5 and the Grumman XF1OF. Application to a modern multimission military
aireraft, however, requires additional considerations. First, currcit
military requirements are such that considerably hipher sweep angles
must be considered, and second, a method of eliminating the need for the
fore and aft wirz translat’on used in the X-5 and F10F would be highly
desirable. This translatiow was used to control the staebility of the
aircraft and consisted of a forward shift of the wing as the sweep
increased; thersby, a relatively constant stability margin is provided.
This translation, however, causes additional mechanical complexity, drasg
penalties, and a reduction in usable fuselage volume, cach of which
will be further compounded by the higher wing sweep angles currently
needed. The first study, therefore, was directed toward the use of
large sweep variations and the development of a method of cont:olling
the longitudinal-stability variation with sweep that would nct reguire
the fore and aft wing translatio) used in the previous aircraft. Four
of the aircraft arrangements studied are shown in figure 2 with the
high-sweep condition shown by the solid outline and the low sweep, by
the dashed outline. A complete description of this study can be found
in reference 1. The configuration shown in the upper left was an all-
wing design utilizing an 80° arrow planform and pylon-mounted engines
on the outer wing panel which were used in an attempt to control stability
by mesns of center-of-gravity shifts. The arrangement in the upper
right was a more conventional engine-in-fuselage configuration utilizing
a canard surface for Jongitudiral control and aft folding taiis as an
aid in the control cof stability variations with wing sweep. This wing
had a leading-edge sweep of 75° for the highly swept condition and had
a wing pivot located in close proximity to the fuselage. The design
shown in the lower left utjlized the same wing; however, a lerger aft
tail was used, the canard was removed, and longitudinal control was
obtained with elevons for the highly swept conditions and with the aft
tail for the unswept conditicn. All three arrangements exhibited unde-
sirable stability characteristics which sre described in reference 1.
The design shown in the lower right of figure 2 consisted of a fairly
couventional arrangement having a fixed aft tail; however, the wing
planform was modified to ircorpcrste improvements with regard to sta-
Lility that vere indicated from the results on the previous configura-
tions. This wing had an outboard pivot and a fairly large and effective
fixed portion of the wing. With this arrangemeat the 1ift of the outboard
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panel, which increases with decreasing sweep, and the 1ift of the fixed
pertion combine in such a manner as to keep the stability relatively
constant. For this configuration essentially the same stability was
obtained in both the high- and low-sweep positions with only minor varia-
tions in the intermediate-sweep range. It appears therefore that with
this type of variable-sweep wing the need for wing trenslation can be
elirineted. The sercdynamic characteristics of this contiguration
throughout a large Mach number range can be found in references 1 to 6.

16 .:.'f:f

In crder to illustrate the impcrtance of the pivot locaticn and the
amount of fixed area, wind-tunnel tests were made of the two variable-
sweep wing arrangements shown in figure 3. The horizontal tail has
been omitted in the interest of clarity since the purpose of the drawing
is to compare the two wings. However, the same lorizontal tail was used
1n conjunction with both wings. Tne type of variable-sweep wing just
described i: shown in both the 25° and 75° sweep conaitions by the solid
lines. The distinguishing features of this wing are the large fixed
area ahead of the pivot and an outboard-pivot lccation. The large fixed
portion provides the aerodynamic solution to the stability variations
with sweep mentioned previously while the outboard pivot provides the
large span variaticns desired. Shown by dashed lines is a variable-
swveep wing having essentially the same area and sweep conditions, but
having an inboard pivot and & small fixed ares similar to that of the
X-5 wing. While the geometry of the two configurations is quite similar
in both sweep conditions, extremely large differences in longitudinal
stability exist, as shown in figure L4 where the pitching-moment coeffi-
cient is presented as a function of 1ift coefficient for the two config-
urations at low speed. On the left the results obtained for the inboard
pivot are piesented while on the right the results obtained with the
outboard-pivot configuration are presented. In the top portion of fig-
ure 4 the characteristics of the configuration without the horizontal
tail are shown for two wing-sweep positions. For the inboard pivot the
results indicate a large stability shift, in the stable direction, as
the sweep is increased from 30° to 70°. It is, of course, this type of
variation in longitudinal stability which dictated the use of fore and
aft wing translation on the X-5. However, for the outboard-pivot con-
figuration which, as it will be recalled, provides approximately the
same variations in wing span as the inboardi-pivot configuration, the
results indicate an actual reduction in stability as the wing was swept
from 25° to 75°. This unusual situation illustrates the powerful eflect
of the fixed portion of the wing in controlling the stability variation
with sweep and indicates the possibility of actually counteracting the
Mach number effect on stability. Because of the reduction in lirt-curve
slope with sweep the tail contribution to stabilivy increases with
increasing wing sweep. The tail-on results are presented in the bottom
portion of figure % and an exiremely large increase in stability is
indicated for the inboard-pivot wing. This increase when combined
with the increase due to Mach mumber would result in excessive stability
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and trim drag at supersonic speeds. For the outvoard-pivot wing, hewewvcer,
only & very slight increase in stability occurred with increasing sweep.
It should be noted that an additicnal 10° of sweep variation was u%ilized
with the cutboard-pivot configuration. These results indicate that by
pruperly proportioning the areas of the fixed and rotating portions cf

tne wing the stability variation with sweep can be controlled without

the need for translation. Complete aerodynamic characteristics of these
configurations at sbsonic, trenscnic, and supersonic speeds are presented
in references 7 to 9, respectively.

[

ATRCRAFT CONFIGURATIONS STUDIED

Since the preliminary study just described indicated that by careful
wing design longitudinal stebility could be handled throughout a rather
large sweep range, a program was initiated to investigate the aerodynamic
characte:*isties of variable-sweep aircraft designed specifically to meet
the miltimission requirements listed in figure 1. 4 large pumber of con-
figurations were considered and eight wind-tunnel models were constructed
and tested at subscnic, transonic, and supersonic speeds. Two of these
cornfigurations, which illustrate the major configuration conciderations,
are shown in figures 5 and 6.

These configurations differed scmewkat from those described pre-
viously in that the wings could be completely folded which, as previously
mentioned, is desirable from both performance and gust-acceleration con-
siderations in the low-level high-speed-attack phase of the multimission.
With regard to performance thz fully folded wing, in addition to reducing
the friction drag, should allo~ complete area-ruling benefits on tran-
sonic wave drag to be more nearly realized. The method described in
reference 10 was utilized in area ruling the configurations. In connec-
tion with the gust-induced normal accelerations the fully folded wing
provides relief through both a reduction in lift-curve slope and an
increase in wing loading.

The configurations were designed around two turbofan engines and
their volumes were compatible with those of aircraft in the 60,000-pound
class. The configuration (7) shown in figure 5 is characterized by a
wing-pivot location within the fuselage (see section A-A) and & rela-
tively small fixed portion of the wing. While this arrangement exhibits
fairly arge increases in longitudinal stability with increasing sweep,
it allows a large portion of the wing to be hidden for the low-altitude
attack and may afford some structural advantage over configurations
having the pivot located within the wing. The results are therefore
valuable in assessing structural, performance, and longitudinal-stability
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trade-<ffc. Configuraticn 8 (see Tig. 6) was guite sinilar to config-
uretion 7 witl the rain difference beipg essociated with the outhboard-
pivet location and the relatively large fixed-wing area. This configu-
ration, while possibly having larger structural penalties because of
the pivot location, exhibits more desi-able iongitudinal stabllity
characteristics than configuration 7, and would ve expected to have
lower trim drag at supersonic speeds.

Since the most complete dsta availsble at the present are that for
eonfiguration & and since it exhibits desirable longitudinel-stability
characteristics, it will be used throughout the remainder of this paper
to illustrate some of the aerodynamic characteristics of variable-sweep
maltimission aircraft. The wind-tunrel models were 1/2L scale and a
photograph of configuration 8 with the wings exiended is shown in fig-
ure 7. The jet-engine inlets were designed ané constructed so as to
provide the proper mass flow for a Mach number cf 1.2.

PERFORMANCE

The effect of wing sweep on the maximum lift-drsg ratios at sub-
sonic and supersonic speeds is shown in figure 8. The wing had a stream-
wise thickness of 6 percent when swept 25° and had a rounded leading
edge. The subsonic results are preserted for a Mach number of 0.6 and
have been corrected to full-scale turbulent skin-friction conditions
corresponding to an altitude of 30,000 feet. The supersonic results are
presented for a Mach number of 2.2 at an altitude of 60,000 feet. For
the superscnic-attack mission 1t will be noted that a wing-sweep position
of approximately 75° would be desirable. It will be ncted, however, that
at subsonic speeds the maximum 1ift-drag ratio for this sweep would be
somewhat less than 10 and a fixed-wing aircraft would therefore have
relatively limited loiter and ferry capsbility. However, for the
variable-sweep aircraft with the wings rotated forward to 25° sweep, the
large increase in wing span increases the maximum lift-drag ratio to
slightly in excess of 18 at subsonic speeds. This, of course, wculd
nearly double the endurance time for the loiter mission and would result
in a large increase in the ferry range.

In addition to loiter, ferry, and high-altitude supersonic-attack
capability, a high-speed low-altitude-attack cepability is highly desir-
able. Because of the high dynamic pressure encountered during this
mission, the drag due to 1ift, even for a wingless configuration, is a
small portion of the total drag, and the meximum lift-drag ratios become
rather meaningless with the minimum d:ag in pounds becoming of prime
importance. Therefore, in order to ii ustrate the roie that varieble
sweep plays in connection with the drag in the low-altitude-attack mission,
figure 9 has been prepared. Here the total drag associated with a

YO 3 DY 2
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60,00C-pound - airplane in level flight at sea level is presented as a
function of wing sweep for various Mach numbers. The resilts indicate
that for a supersonic low-altitude attack at a Mach number of 1.2 a
considerable reduction in level-flight drag is obtained as the wings

are rotated back because of the reduction in wetted area and wave drag.
It is interesting to note that even at a Mach number of 0.9 the benefit
of the fully folded wing is still realized. At a Mach nurber of 0.6,
however, the sngies of attack required for level flight become large
enough so that the drag due to lift becomes significant and the low wing
sweep provides the iower drag. The drag due to 1iit at M = 1.2 1is
shown by the hatched srea, and the low value indicates that it additional
drag improvements are to be realized for the cupersonic mission, reduc-
tions in friction and wave drag ilbrough reductions in wetted and maximui
cross-sectional areas must be resorted to.

EFFECTS OF LIFT-CURVE SLOPE

Figure 10 shows the variastion of the lift-curve slope (based cn a
common full-scale ares of 600 sq £t) with Mach number for the 25°, 752,
and fully folded wing-sweep positions. The main point of interest is
the fact that in the fully folded condition the lift-curve slope is
reduced to 25 or 30 percent of that associated with the fully extended
(25°) wing. This large variation in lift-curve slope is of interest
mainly in connection with gust and pull-up response (both of which are
important for the low-altitude attack), and its effect on these are
illustrated in figure 1l1.

The conditions represented are for an aircraft weighing 60,000 pounds
(corresponding to a wing loading, for the extended case, cf sbout 90) and
flying at sea level. Presented on the left of figure 11 is the response
to a 50 fps sharp-edged gust as a8 function of Mach number for several
wing-sweep positions - 25°, 750, and 109°. The results indicate rather
large reductions in the gust response as the wing sweep is increased.

At a Mach number of 1.2 with the wings fully folded, the gust response
is slightly less than that encountered with the 75° wing position at a
Mach number of 0.90 and considerably less than that for the 25° wing
position at a Mach number of 0.6. It should be pointed out that inas-
much as & common reference area was used for the lift-curve slopes there
is no effect of wing loading on the gust response. It should be noted
that in the fully folded condition the wing outer panel is locked to
the fuselage; therefore, aercelastic effects would be expected to be
small for both the model and the airplane. For the T5° sweep positionm,
however, sercelastic effects would be somewhat greater on the airplane
than on the model (aluminum with streemvise thickness of 6 percent in
25° position and a dynamic pressure of 333 1b/sq £t at M = 1.2), and
some reduction in gust sccelerations would be expected.

-~ e -
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The low-lift-curve slopes vwhich make possible the reductions in
gust accelerations raise a question as to the effect of lags (due to
the larger rotations required) in pull-up response in comnection witi
terrain clearsnce during the low-leveli-attack mission. This effect is
shown on the right-hand portion of figure 11 where the longitudinal dis-
tance traveled while gaining an altitude of 50 feet following a pull-up
from level flight at a Mach number of 1.2 at sea level is shown as a
function of the steady-state normal-accelerstion increment achieved in
the pull-up. Results are presented for the ideal no-lag condition
Cly = « 1in vwhich the required rotation is obtained instantaneously and

for three wing-sweep positions. If a steady-state normal-acceleration
increment An of jg is assumed, it will be noted that even for the ideal
case a distance of 1,400 feet would be traveled before 50 feet of alti-
tude were gained. The lag associated with the low-lift-curve slope of
the fully folded wing at 3g increases the distance traveled to approxi-
mately 2,400 feet, but it will be noted that this is only about 100 feet
or sbout 1/1C second greater than that experienced with the wing in the
75° sweep position and only about 40O feet greater than that with the
wing in the fully extended position (A = 25°). It therefore appears
that large reductions in vertical-gust respcnse can he cbtained with the
fully folded wing without seriously reducing the pull-up response.

N =N~

LONGITUDINAL STABILITY

The effect of Mach number on the longitudinal-stability parameter
CmCL is presented in figure 12 for the various wing positions. Shown .

are the subsonic data with the wings extended, the transonic data with
the wings fully folded, and the supersonic data with the wings in the

T75° position. There are several items of interest. First , 1t will be
noted that the shift in static margin from M = 0.6 with the wings
extended to M = 2.0 with the wings in the 75° position is only about

8 percent of the mean aerodynamic chord of the extended wing. It appears ’
therefcre, that by careful wing design large sweep variations can be
combined with large Mach mmber increases without encountering stability
increases greater than those assoclated with fixed-wing aircraft. In
fact, it appears possible to actually reduce the stability changes.

Secondly, while a conslderable reduction in stability occurs at
transonic speeds with the wings fully folded, a rather large increase
can be produced by the use of 20° of negative dihedral in the horizontal
tail as indicated by the filled-in circular symbol. This is due mainly
to the favorsble effect of the sidewash component of the trailing vortex
induced velocity at offcenter positions. There is an additional benefit R
from the negative tail dihedral in that it reduces the stability at
M = 2.0 (no favorable sidewash component), thereby, a reduction ir the

»
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supersonic stability shift results. It appears from these results that
reasoneble stability characteristics can be obtained despite the large
Mach number and sweep range that may be required for multimission
military aircraft.

LATERAL STABILITY AND CONTROL

With regard to static lateral and directional stability it is suf-
ficient to point out that the only problem encountered was the usual one
oi directional instability at the higher angles of attack at supersonic
speeds. It appears, however, that the 20° negative dihedral in the hori-
zontal tail suggested in connection with the longitudinal stability
would be sufficient to take csre of the directional problem.

Figure 13 shows the lateral-control characteristics. For wing
sweeps up to 75° or 80° the lateral control can be obteined by the
deflection of a spoiler-slot-deflector control on the movable outboard
wing. The control would be located just ahead of a trailing-edge high-
1ift flap baving a full span (needed for STOL) and would span the out-
board wing. The data on the left of figure 135 were obtained at a Mach
number of 0.13 for a spoiler projection of 10 percent of the wing chord.
The deflector projection was 3/4 of the spoiler projection. The vearia-
tion of the rolling-effectiveness parameter pb/2V with angle of attack
is shown for the wing swept 25° (solid curve) and 75° (dashed curve).
The spoiler-slot-deflector contror has more effectiveness at low angles
of attack when the wing is at 25° sweep than for the 75° swept wing.
However, the rolling effectiveness is approximately the same at high
argles of attack for both wing sweeps. The magnitude of pb/2V required
for fighter-type aircraft at subsonic speeds is in the order of 0.06 to
0.07, and it will be v»seful to note that with the 25° wing position the
requirement can be met with a 10-percent projection.

When the wing is fully sweptback for the low-altitude-attack mission
the spoilers, of course, camnot be used but lateral control can be
obtained by differential deflection of the horizontal-tail -surfaces.
Dats for differentiasl tail deflection have been cbtained at a Mach num-

o
ber of 1.2. The rolling effectiveness is shown for ia% differential

tail deflection on the right of figure 13 and the level of control effec-
tiveness for the angles of attack shown are comparsble to those obtained
at subsonic speed for the spoiler-slot deflector. For this Mach number,
however, the roll-rate requirement is greatly exceeded and a control
sensitivity problem may be encountered. Another problem is indicated

on the lower part of figure 13 where the variation of the ratio of yawing-
moment coefficient to rolling-moment coefficient is shown for the differ-
entially deflected horizontal tail on the right and the spoiler-slot
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deflector on the left. The magnitude of the yawing moment due to

rolling moment is considerably higher for the differential-tail control
than for the spoiler control. This is due to the large induced side-~
force load on the vertical tail resulting from differential deflection
of the horizontal tail. For this reason it is felt that an effort should
be made to develop a lateral control on the wing for this maximum-sweep
case. The most obvious possibility is the use of the leading-edge droop-
nose flar as a trailing-edge flap-type control when the wing is fully
swept as indicated in the sketch by the shaded area, or the use of a
split flap-type control as shown by the dashed lines. Data are currently
being obtained at transonic speeds on both of these lateral-control
devices.

OTHER AERODYNAMIC CONSIDERATIONS

The wind-tunnel studies described previously and in references 1l
to 14 indicate that with proper design, no extreme static aerodynamic
problem areas appear to be associated with the variable-sweep multi-
mission aircraft. However, for dynamic conditions, further analyses
will be necessary in order to evaluate fully the multimission capebilities
of the variable-sweep aircraft. These analyses should include studies
of the results of wind-tunnel investigations already underway including
flutter and buffet tests, oscillation tests in pitch and yaw, and tests
under conditions of steady rolling, as well as simulator studies of
possible roll-coupled divergence, roll-to-sideslip ratio, and control
seneitivity.

MULTIMISSION PERFORMANCE ESTIMATES

So far the discussion has dealt with the serocdynamic character-
istics of variable-sweep multimission aircraft; however, by way of con-
clusion some preliminary calculations of the performance capabilities
of & possible multimission military airplane are given. It should be
pointed out that, while these calculations were based on rather rough
weight and engine-performance assumptions, it is felt that they are
illustrative of the possible multimission capabilities. The design was
based on configuration 8, had a take-off gross weight of 63,000 pounds,
kad 28,000 pounds of internal fuel, and was powered by two turbofan
engines. The calculations indicated that with the wings extended take-
off and landing distances, over a 50-foot obstacle, of less than
3,000 feet were possible with relatively simple high-1ift devices. A
low-level strike radius of approximately 800 nautical miles appears
possible with half of the outbound leg being accomplished at a Mach
number of 1.2 with the vings folded. A strike or intercept radius of

—
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900 nasutical miles could be obtained at a high altitude and a Mach num-
ber of 2.3 with the wings in the 75° position. By sdding 3,500 pounds
of fuel in the bomb bay and 8,000 pounds of external fuel, with the
wings extended, a ferry distance of approximately 6,000 nautical miles
appears feesible. From these performance estimates it appears that a
varigble-sweep aircraft can provids for a great deal of versatility and
that one sircraft can actually perform several missions efficiently.

In addition, the wind-tumnel studies descridbed indicate that with proper
design no extreme static aerodynemic problem areas appear to be asscci-
ated with this type of aircraft.
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III. SUPERSONIC CRUISE AIRCRAFT

By Donald D. Baals, Cornelius Driver,
and Owen G. Morris

Langley Research Center - N 6 7 - 3 3 0 73’

INTRODUCTION

the avisation world is on the threshold of sustained supersonic flight
at a level of efficiency approaching the best of our subsonic aircreaft.
This potential has been recognized in the concept of the B-70. Now the
supersonic transport is on the horizon.

The supersonic transport represents a great technical challenge.
Not only must this vehicle have the aerodynamic efficiency of the sup. -
sonic bomber, but it must also embraze: (a) the overriding element of
passenger safety, (b) the problem of community scceptance (noise) , and
(¢) ecoromy of operationm.

This paper will be devoted primarily to the aerodynemic problems
of large supersonic alrcraft as related to performance. Smsller vehicles
have been considered in part II of this compilation. The stability andg
control problems are of equal Importance but are not discussed herein.

SYMBOLS
A aspect ratio
Anex meximum cross-sectionel area
Ayet wetted area
ACD incremental drag coefficient
Cpo minimm drag coefficient
ch wave-drag coefficient
Ce _mean skin-friction coefficient
CL 1ift ccafficient
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CL lift-curve slope
a
c chord
K proportionality factor for wave drag
L/" lift-drag coefficient
1 length
M Mach number
m mass flow through slot
me mass flow through a stream tube having the same cross—'sectional
area as the wing area
n fineness ratio
R Reynolds number
S wing aresa
SFC specific fuel consumption
t thickness
v volume
w weight
B =M -1
b wedge angle
A angle of sweep

DISCUSSION

For long-range supersonic aircraft the cruise efficiency is the
primary design factor. From the Breguet range equation, which relates

the elements determining crulse efficiency, the controlling ascrodynamic

term is the lift-drag ratic L/D. This ratio is determined by two basic
factore - the minimum drag (mainly wave and friction dreg at supersonic
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speeds) and the drag due to lift. In figure 1 the relative drag breakdown
for two representative bomber configurations in the 400, 000 pound-class

is shown. For the subsonic configuration, the skin-friction drsg and the
drag due to 1lift are sbout equal, ond the trim drag is small. For a Mach
nunber 3 configuration, the total dreag is sbout three times that of the
subsonic airplane. Note that a new drag element, shock-wave drag, has
been introduced. Even for the efficient configuration assumed, this ele-
ment is sbout one-half the entire subsonic drag. Supersonic friction
drag alone is equal to the entire subsonic drag.

Figure 2 points up the importance of sasircraft geometric charac-
teristics relative to the supersonic wave and friction drags. Shown

here 1s the volume coefficient VE/B/S as a function of gross weight
for various categories of alrcraft. The volume coefficient is a meas-~
ure of alrcraft fineness ratio and is an indication of wave drag. Note
that the volume coefficient for a bomber configuration with its high
payload density is less than that for a cargo aircraft which has a
much lower payload density. Note also that, as the gross weight of
the aircraft decreases, the volume coefficient characteristically
increases becsuse the configuration is thickened to meet fuel and
payloed volume requirements. This condition places a wave-drag
penalty on the small aircraft.

The wetted-area ratio characteristics shown on the upper half of
figure 2 necessarily follow the sam> general pattern. ince the friction
drag is a direct function of the wetted area, the parameter shown is a
measure of the friction drag for a given skin-friction coefficient.

Figure 3 shows the variation of skin-friction coefficient for
aediabatic conditions as a function of Reynolds number and Mach number
for both laminer and turbulent flow over an aerodyremi:ally smooth sur-
face. The turbulent curves have been experimentelly verified for incom-
pressible flow to a Reynolds number of 1,000 X 106. At higher Mach
numbers the skin-friction coefficient is still in the process of evalua-
tion. Note that there is little effect of Mach number on the laminar
friction coefficient, but there is a pronounced effect on the turbulent
values. S.own on this figure are typical Reynolds number ranges for a
Mach number 2 fighter, & Mach nusber 3 bomber-transport coufiguration

wing at R = 90 x 106, and a fuselage at Rz300x106.

Under laboratory conditions, the maximum Reynolds number for which
laminar flow has been maintained without some form of boundary-layer

control is6about 5 X 106 to 10 x 106. A maximm value of Reynolds number
of 28 x 10° at a Mach number of 1.6 has been attained (ref. 1) for a
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cooled body of revolution, but the flow was very sensitive to the
slightest surface irregularities, even fingerprints. For & wing, tae
effects of leading-edge sweep also have been shown to be sdverse reia=
tive to attalmment of laminar flow.

There does sappear to be a realm for spplication of boundary-lgyer
control at subsconic speeds; however, supersonically, there appears to
be 1little potential for attaining extensive laminar runs - especially
when the problem of traversing the pressure rise across a shock wave is
considered.

The real problem of skin friction at supersonic speeds i primarily
that of avtaining the turbulent values for a smooth flat plate. Three-
dimensional roughness, surface waves, gaps, and so forth will tend to
increase the drag level as noted on the figure. The experimental dats
of reference 2 has shown the roughness effects to be less critical at
the higher Mach mumbers. Current research is now leading to rational
procedures for estimating the pressure and friction drasg for arbitrary
types of roughness under turbulent conditions.

One interesting approach to reducing the turbulent skin-friction
values is illustrated in figure 4. This figure shows the unpublished
results of tests obtained by John R. Sevier in the Langley 4- by h-foot
supersonic pressure tunnel on & two-dimensionsl airfoil at a Mach number

of 2 wherein sir was injected into the boundary layer to reduce the local-

velocity gradients and therefore the skin friction. A substantial
reduction in turbulent skin friction is ncted, even if the initial drag
penalty for the addition of the slots is considered.

Because of the momentum drag penalty, it is nct feasible to take
air eboard to provide the injection fl.w; however, if low-energy air
vere already avallsble, as from inlet bleed air, then this air might
be efficiently utilized. Even bypess air megy have apprecisble energy;
thus its momentum loss would have to be subtracted fram the values shown
here. The approximate amount of inlet bleed alr avallable is noted in
figure 4 end this smount is shown to lead to a substantial reduction in
skin friction. Whether this approach is practicable cannot be firmly
steted at the moment, but further research and applicstion studies are
indicated. Certainly, the effect of Reynolds number on friction-drag

reduction must be determined along with the effect of full-chord
inJjection.

Dreg due to 1ift, ss previously indicated, may be the largest
single element of the total drag during unaccelerated flight. As the
cruise speed is increased into the supersonic speed ranze, the lifting

e e
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Theories have been developed which indicate that large improvements are
obtainable through the proper selection of planform and loading
distribution.

Figure 5 is taken from reference 3 and summarizes the present state
of theoretical knowledge. The ordinate, the drag due to 1lift parameter

_.2—, is shown as a function of B times aspect ratio for scveral wing
BC 2
planforms. If this plot is considered to be for a fixed Mach number,
the B term may be neglected, and all planforms will still have the
same reletive standings. These values are the minimum values of wave
plus vortex drag as predicted by linesr theory. The two-dimensionsl
flat-plate value of 0.25 aiad the minimum subsonic value of -lK are shown
R
for reference. The point to be made here is that large reductions in
dreg due to 1ift are indicated for the swept and the arrow wings, those
for the arrow wings approaching the minimum subisonic value at low Mach
numbers. Considersble experimental work has been performed in the Mach
mmber range from 2 to 3 for geometric aspect ratios of sbout 2 or for
an sdjusted nspect ratio of about 5 on this figure.

Figurz 6 taken from an unpublished paper by C. E. Brown, F. E.
Mclean, and E. B. Klunker summarizes recent vork of the Langley Research
Center on a family of arrow wings. (See rets. 4 and 5.) The drag-rise

AC
factor 1 -—g is plotted ageinst the parameter B cot A, which specifies
Ci,
the position of the Mach lirne relative to the leading edge. For values
less than 1, the Mech line is ahead of the leading edge; at a value of 1,
it lies along the lewsiing edge.

The solid line (fig. 6) represents ihe theoretical drasg-rise factor
for an uncambered surface. The experimental agr-~ement (shown by the
square symhols) is good for a wide range of values of B cot A. Shown
by the dashed line i8 the theoretical variation of the drag-rise factor
for & restricted camber loading. Here the best experimental values
show only about one~half the anticipated theoretical gain. Subsequent

analysis indicated that thickness effacts of the %-percent-thick biconvex

airfoil could lead to local supersonic flow, and shock-induced seperation
would be anticipated. Although oil-flow stué'2s did not appear to indi-
cate flow breakdown, there is hope that @ revised wing employing double-
wedge sections in an attempt to eliminate supercritical flow might show
substantial reductions in drasg due to lift.
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Another approach to improving thz lift-drag ratio is the utilization
of favorable interference. Although theoretical gains have been computed
for many unconventional approaches, most applications run into practical
problems mssociated with real fiows, poor off-design charecteristics, or
large increases in wetted or base area. ‘

Figure T shows the results of & cimple -experiment at a Mach number
of 3.11 to see whether the lift-drag ratio of a 60° delts wing could be
improved by the addition of & compression wedge to the under surface.

(See ref. 6.) Pressures were integrated over the body and the lower
surface of the wing for a wide range of angle of attack, wedge angle,

and height-to-chord ratio. The resulting pressure drag is plotted against
lift. The base dreg was not included in these integrations.

These results show no significant gain in 1ift-drag ratio, since
most of the points fall above the experimental wing~alone curve. It
should be noted, however, that, if s body or protuberance must be there
in the first place, consideration of the interference flow fields can
reduce the drag penalty. If bese drag could be eliminated by some form
of base bleed or by filling the base with englne exhaust, then the added
volume may sactually have a zero drag penalty.

Up to this point, the elements of wave drag, skin friction, and
drag due to 1ift, which camprise the lift-drag ratio, have been considered.
Now the levels of L/D currently attainable are considered.

Figure 8 shows the variation of lift-drag ratios with Mach number
for a range of comfigurations. The level of the subsonic bomber and
transport for full-scale flight conditions is shown on the left. For
compaerison, & marked decrease in the L/D level for current operational
supersonic alrcraft is shown. This reduction is the direct result of
the effect of the addition of wave dreg and the increased drag due to 1lift
characteristic of supersonic flight.

The experimental symbols shown (fig. 8) are for wind-tunnel results

at a Reynolds number of 4 x 106 for various research configurations
representative of bomber types. (See refs. 7 to 10.) The exception is
the swept-wing configuration denoted by the diamond symbols, which has
a volume coefficlent representative of transport-type configurations.
The solid symbols are for complete configurations under trimmed flight
conditions. The open symbols are incomplete configurations such as
wing-body combinations. Note that there is a decided change in type of
configuration being considered as a function of M. The highly swept,
high-panel-aspect~ratio configuration tends to be optimum for a Mach
number of 2 or less, whereas the low-aspect-ratio delta or trapezoidal
planform predominates in the Mach number range fram 2 to 4. Correction
to full-acale Reynolds number of 100 X 100 hes been made by assuming
the boundary layers to be turbulent. A lift-drag ratio of about 8.5 is
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indicated at a Mach number of 3 for bomber~type configurations. A decre-
ment in lift-drag ratio of from 0.5 to 1.0 might be anticipated for con-
version to transport configurations.

An estimate of future capability for bomber-type configurations
has also been sttempted as shown. The assumptions used are: (1) zero-
lift wave-drag coefficient, CDw = 0.0018, (2) friction coctficient 10 per-

cent less thar the turbulent value for a smooth flat plate, (3) wetted-

area-to-wing-area ratio of 2.8, and (4) drag-due-to-liit paramctlcr ACD,
BCy,

from 0.1k at M = 1.5 to 0.18 at M = 4.0. These estimates result in

a level of potential lift-drag ratio of the order of 10 at n: Much number

ML

of 3. With such a gain, the level of cruis _.ficiency Eﬁg would bx:

equal to or better than that obtained by the best of the current subsonic
bomber and transports. With the other great advantages of (light at a
Mach number of 3, tke long-range subsonic alrcraft would become techni-
cally obsolete.

Thus far, the on-design problems of supersonic flight, which are
primary considerations in the design of a long-range bomber, have been
discussed. However, chere are a whole host of off-design problems
appliceble to the commercial supersonic transport which mey dictate the
design.

Part IV of this compilation shows that a typical commercial supersonic
transport mgy consume only one-half of its fuel under supersonic cruise
conditions. The remainder is consumed in tske-off, sacceleration and climb,
letdown, and in fuel reserves. These off-design areas along with other
problems associated with passenger safety, jet noise, and the sonic boom
must be solved without seriously compromising cruise performance.

Figure 9 illustrates one of the off-design areas which is critical
for the supersonic transport - the landing and take-off problem. Plotted
here is the variation of the velocity in knots with wing loading for a
range of lift coefficients, that 1s, 8 simple plot of the lift-coefficient
equation. Shown for reference are the landing and take-off speeds for the
present subsonic Jet transports - landing at about 125 knots and take-off
in the range of 155 knots. For the wing loadings shown, these speeds
represent a usable Cj of approximetely 1.2 to 1.4. Shown for comparison

are some estimated values for a so-called "conventional" supersonic trans-
port with an aspect ratio of about 2.5. Even though the wing loadings
are substantially reduced over those of the present subsonic jet, the lov
aspect ratio and resulting low usable lift coefficient result in take-ofy
speeds of the order of 200 knots with landing speeds of about 150 knots.

Also noted on this figure is an effective-aspect-ratio scale. This is
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poscible, since the effective aspeclt ratio defines the lift-curve
slope CLQ and therefore the usable C(Cp, for a given ground clearance

angle. Flap effects are not included.

If present Jet transport speeds are to be considered a maximum from
the landing and tske-off speed standpoint, it is evident that a practi-
ceble supersonic tremsport configuration must attain higher trinmed

ifc coefficients. This condition can only be provided through higher
effective aspect ratio or a considerable advance in the trimmed flap
effectiveness over that currently attainable. A varisble-geometry
wing has great potential in this respect.

Another off-design problem is that of transonic acceleration. The
propulsion studies presented ip part IV of this compilation show that
the airframe-engine combination tends tc be thrust merginal for the
high-altitvde transonic accelerations dictated by the sonic boom. (The
boom problem wiil be discussed in part VIII of this compilation.)

Une serodyunamic element of this problem is the transonic wave drag.
Figure 10 is a summary of the transconic-wave-drag characteristics plotted
sgainst equivalent-body fineness ratio for a wide range of aircraft con-
figurations, ranging all the wgy from the century series fighters at the
low-fineness~-ratio end to idealized research configurstiors at the high-
fineness-ratio end. Theoretically, the wave drag is a function of the
reciprocal of the fineness ratio squared. The ideal Sears-Haack length-
volume body is shown to have a K-value of 1l.1. Most of the sirplane-
type configurations settle out closer to a K-value of about 15. Detail
refinement mgy be able to reduce this number, but it appears to represent
a reasonable value for preliminary ansalysis.

With a minimum of assumptions a&s to aircraft size and geometry, it
i1s possible to compute the variation ofithe general drag characteristics
with altitude for a range of key variabies. Figure 1l shows the drasg in
pounds for a transport-type configuration at M=x 1. The plot on the
left is shown for constant values of aspect ratio and fineness ratio
for a range of values of maximum equivalent-body cross-sectional area
to wing area. Note that the drag reaches & minimum at an altitude of
about 35,000 feet and then increases rapidly. At the higher altitudes -
the drag due to lift predominates and wave and friction dregs become
secondary. . :

On the right-hand plot, the effective aspect ratio (or more exactly,
the drag due to 1ifi) is varied. Aspect ratio is shown to be a power-
ful parameter in reducing drag - especihlly at the higher altitudes.

Dashed lines represent the general range of* thrust availeble for
various Jet-propulsion systems whicl have been sized for cruise at a
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Mach rumber of 3. An accelerative force of 22,000 poinds, which would
produce an ascceleration of 2 feet per second per second, has bteen sub-
tracted from the engine thrust so that the values shown here indicate
the net thrust evailsble to overcome drag.

There 1s a critical transonic thrust-drag problem in ti.: altiiunde
range of 40,000 to 50,000 feet. This altitude may be the altitude div-
tated by sonic-boom corsiderations. The dropoff in engine thrust with
altitude is so abrupt that the type of propulsion system and how it ic
matched to the airframe will be the primary factors determining acce -
eration altitude. At the extreme altitudes both the airfram: acro-
dynamics and the propulsion system must be made optimum to attain the
altitude levels desired.

Figure 12 presents some cf tlie representative research coniigu-
rations under study which illustrate certain aerodynamic approaches
applicable to the supersonic transport problems. Configuration A is
8 low-minimum-drasg, low-vetted-area configuration made optimum for
supersonic cruise. A double-bubble fuselage with the major axis in
the horizontal plane improves the supersonic L/D. Landing CL will

be increased through the use of a variable-incidence wing. Configura-
tion B employs the lifting area rule. Its wing is *wisted and cambored.
Fuselage contouring and bodies located on the wing upper surtace provide
favorable interference fields for the lifting condition. The wing may
employ varisble sweep to increase the landing CL' Configuration C

employs outboard tails to improve the supersonic trim dreg. The hori-
zontel tails riding ir the wing upwash improve the supersonic drag due
to 1ift characteristics. Configuration D is a variable-sweep approach
to the minimum drag supersonic configuration. A varisble-dihedral
horizontal tall controls the transonic aerodynamic-center shift
and change in directional stability. Configuration E employs a blended
wing~body sapproach with rapid thickness taper to reduce minimun dreg.
Twist znd camber are incorporated. Relstively thick outboard wing panels
of variable sweep are provided. Configuration F considers a modification
ot the so-called "conventional" supersonic transport to improve low-
speed and transonic characteristics through varisble geometry. The
extensible tips shown provide about a 20-percent increase in srea for
subsonic flight. Alternate approeches employing variable sweep at the
tip or substantial tip droop are also considered. -

These configuration studies are merely illustrative of several
aserodynamic approaches under consideration for possible application
to the supersonic transport. However, they do serve to illustrate the
serodynamic tools avallable to the designer to meet the extremely diffi-
cult requirements of the supersonic transport.
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SUMMARY

There has been a gradual improvement in supersonic cruise effi-
ciency to a level approaching that of the best of the present subsonic
aircraft. There is still room for further gains in supersonic lift-
drag ratio hy fundamental research on wave dreg, skin friction, and
drag due to 1ift. However, intensive research effort is required.

The most obvious problems are in the off-design areas of lending,
take-off, transonic ascceleratiorn, and subsonic hold. T ese prob.ems
must be met without appreciable degradation of supersonic performance.
The most difficult problem, however, is the recogniticn that a problem
exists in the first place. Consider that the total hours of supersonic
flight on all the B-58 airplanes number hut a few hundred, whereas the
supersonic life of a successful transport mgy total as much as
25,000 hours. The technical problems inberent in such an advance are
truly awe-inspiring.

Although the prcblems discussed in this paper are broad and complex,

there do not aprear to be any obstacles which cennot be solved by a
vigorous and effective research effort.
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- IV. ATR-BREATHING PROPULSION SYS.EMS
FOR SUPEPSONIC AIRCRAFT N 6 M- 3 3 0 74

By Lowell E. Hazel, Willard E. Foss, Jr.é/-
- Langley Research Center/

and Bavid N. Bowditch”
Lewis Research Center

INTRODUCTION

In this part, the state of the art for several propulsion system
components is reviewed, and some of the importent factors which must be
considered during the design of a supersonic propulsion system are

“pointed out. The discussion will be centered around the Mach number 3
cruise airplane of part III and the multimission airplane of part II.

SYMBOLS

A ratio of free-stream tube area required by engine at any Mach
AM=3 number to corresponding arca at design point of M = 3
h altitude
M Mach number

(__m__) mass-flow ratio, boundary-layer bleed

%o/ RLEED

P static pressure
Py total pressure
f— 1nlet. control parameter

t .
@ angle of attack
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DISCUSSION

The pressure recovery characteristics of supersonjc inlets have an
important effect on propulsicn-system performance because for every per-
centage of loss in recovery there is & greater percentage of loss in net
thrust. The recoveries which have been obtained a. zero angle of attack
from several types of supersonic inlets are shown in figure 1. The inlets
include two-dimensicnal and long axisymmetric “ypes with large amounts
ci internal compression and a short axisymmetric type with equal amounts
of external and internal compression. The off-design spillage dreg of
the long axisymmetric inlet is considerably less than that of the short
axisymmetric inlet. These iniets were de.igned for M = 3 and all
have variable geometry provisions - either as variable ramps or as
translating center bodies. The inlets, as sketched, have equal capture
areas, and the sketches therefore indicate the relative lengths of the
supersonic diffusers. The two-dimensional inlet has the highest recovery,
varying from 0.80 at M =3 to 0.94 at M = 2. These values are qui‘e
high and further significant increases of recovery will not be easily
attainable with any inlet design. There is no fundamental reason why
the recovery of the long axisymmetric inlet shouid be less than tuat of
the two-dimensional design. The difference shown in figure 1 merely
indicates that additional development time must be spent on the long
axisymmetric inlet. All of the inlets incorporated some form of
boundary-layer bleed. The amount of bleed at M = 3 was from 7 to
12 percent of the inlet flow. Additional boundary-layer removal through
the existing bleed system did not significantly improve the performance
of the long axisymvetric design at M = 3. Because of the drag penalty
associated with the bleed air, the optimum recovery - that is, the
recovery at which the maximum value of thrust minus bleed drag is
obtained - may be less than tho maximum recovery. Our present knowledge
of the behavior of the turbulent boundary layer in the presence of
adverse pressure gradients is not sufficient to be able to predict
exactly the effect which boundary-layer bleed will have on the increase
of pressure recovery. Therefore, a detailed experimental tailoring of
the bleed systew will be necessary for each inlet to develop the cptimum

design.

These inlets, in addition to having a high pressure recovery, must
be able to supply the required engine airflow. The airflow character-
istics of several turbojet and turbofan engines are presented in figure 2.
These engine airrlows, as presented, are a function of precsure recovery
and are based on the recoveries of the two-dimensional inlet. The
recoveries have been extrapolated to a value of 0.96 at M = 1.0 (fig. 1).

In figure 2 the airflow variation is expressed as the ratio of the

free-stream tube area required by the engine at any Mach number to the
corresponding area at the design point of M = 3 and is plotted as a
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functicn of Mach number. The shaded area indicates the enveiope of the
airflow characteristics of a series of turbojet engines and the cross-
hatched area reprezents the corresponding envelope for turbofan engines.
The differences of the airflow characteristics of the turbojet engines
are small throughout the Mach number rang:, but a large Aifference exists
between the turbofan engines. The airflow chacacteristics of the two-
dimensional and short axisymmetric inlets shown in figure 1 have been
included here to indicate that the inlet and engine sirflow charactoris-
tics have similur trends with Mach number. These inlet airflows can, of
course, be controlled to varying degrees during the inlet design to
match the airflow of a specific engine. It should be mentinned that the
comparison between the engine and short axisymmetric inlet airflows is
not strictly correct because of the lower recovery of this inlet.
Accounting for this effect would increase slightly the stream tube area
ratios of the engines at off-design Mach numbers.

All of the engines require a significantly smaller stream tube of
air at low Mach numbers than at the design speed of M = 5. Thic excess
air must be diverted from the engine, either by spillage ahead of the
inlet or by bypass ducts located behind the inlet. Regardless of how
the air is diverted, a drag penalty will ‘e incurred.

The magnitude of this matching drag penalty is now examined. The
discussion will be based on a turbofan airflow characteristic defined
by the tcp of the cross-hatched area in figure 2. At any off-design Mach
number the distance between the top of the cross-hatched area and the
design value of 1 represents the amount of air which must be spilled or
bypassed. At M = 1.2 this emounts to 41 percent of the design stream-
tube area.

The matching drags created by four typical methods of divertiag the
excess air are presented in figure 3, These drags have been diviced by
the thrust of a typical turbofan engine and are pr:iented as & function
of Mach number. The sketches on the left side of the figure depict two
typical ways of spilling the air ahead of the inlet - behind the shock
wvave of a 5° translating wedge and by means of the flow field of a 109
half-angle translating cone. On an inlet these shapes would be the
initial compression surfaces. The excess air may also be bypassed from
the subsonic diffuser by means of sonic nozzles which are parallel to
the airplane axis or are inclined at some angle, such as 10°. It has
been assumed in these drag calculations that the total pressure recovery
at the exit of the sonic nozzles was equal to the inlet recovery.

The spillage drag is generally largest at transonic speeds, and it
is also most critical at these speeds because the value of the accelera-
tion force - that is, thrust minus drag - is small, as will be shown
subsequently.
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The least drag at transdnic speeds is incurred by the use of the
sonic nozzle, exiting axially, and the drag penalty is about l—é— percent

of the engine thrust. A word of caution is in order here. An increase
in frontal area may be necessary to bypass the large amount of excess
air at transonic speeds and exhaust it in an axial direction. The drag
penalty associated with this increase in frontal area is nct accounted
for in this comparison. The highest drag is created by the 50 wedge and
is about 10 percent of the engine thrust. Spillage ahead of the inlet
can be sccomplished more efficiently with the 10° cone than with the

59 wedge. It is also apparent that bypassing the air through a sonic
nozzle inclined to the axis results in an appreciable rise in the bypess
drag. at Mach numbers from 2 to 3 the matching drag is smaller when the
air is spilled ahead of the inlet instead of being bypassed from the
subsonic diffuser by a sonlc nczzle, Use of & supersonic bypass nozzle
would result in bypass drags which were less than those of the 10° cone
at supersonic speeds but would not result in drags which were lower than
those of the sonic nozzle at transonic speeds. It is of interest to note
that the matching drag of the short axisymmetric inlet is quite high.
For example, at M = 1.6 the calculated value would be about 0.094 for
the airflow spillage considered in figure 3. The magnitude of these
matching drags in terms of engine thrust is a function not only of the
airflow being diverted but also of the engine thrust per pound of air-
flow. For an afterburning turboj ., the percentage loss of tnrust per
pound of air diverted would be avovut half the corresponding value for
turbofan engines.

In figure 3 the percent of change in the zero-angle-of-attack
recovery has been plotted as a function of angle of attack. These data
indicate that at s Mach number of 3, the pressure reccvery may be
reduced by 6 to 18 percent by an angle of attack of only 4°. These
percentage reductions become smaller as the Mach number is reduced.

With a two-dimensional inlet, the angle-of-attack or angle-of-yaw effects
may be reduced by use of a horizontal or vertical compression surface,
respectively. Such an arrangement is not possible with a three-
dimensional design. It appears highly desirable that the supersonic
inlet, regardless of its type, should be shieclded from flow-angularity
effects as much as possible by placing the inlet in a flow field gener-
ated by the airplane wing or fuselage. Such an arrangement may also
reduce the inlet size, reduce the amounuv of supersonic compression which
the inlet must accomplish, and simplify the: inlet-control system.

The controls for supersonic inlets form a very vital part of the
propulsion system. Generally, both contraction and bypass controls are
required. The functions of these controls are to obtain high-pressure
recovery and to prevent shock regurgitation which results in large
decreases in pressure recovery, inlet buzz, and the attending engine
surge. Shock regurgitatic1 should be prevented for a number of reasons.
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A combination of the discontinuous drop in recovery from perhups 0.09 to
0.55 and the buzz thkat usually follows shock regurgitation will cause
the engine to surge at Mach numbers near 3. This means that most if not
all of the thrust of the unstarted system will be lost and inlet drag
incurred until the inlet can be restarted and the engine returned to
normal operation, which may require a complete shut down and restart.

In addition to the destabilizing force associated with this thrust loss,
the inlet will spill large amounts of flow which could affect operation
of nearby inlets or cause a high pressure region under a nearby wing or
on the body. Further, a structursl problem is caused by the engine
surge. Duet static pressures in excess of free-stream total pressure
have been measured during engine surge in a turbojet-engine-inlet con-
figuration. These pressures are much higher than normally exist in the
inlet and require a considerable inecrease in the structural weight over
that required for normal operation.

The contraction control is required to vary the inlet throat for
changes in airplane Mach number and angle of attack or yaw. Because
the effect of Mach number and angle of attack on optimum contraction
differs for the various inlet types and with position on the airplane, a
particular control will probably have to be developed for each specific
application. Attempts to measure a throat supersonic Mach number for
use as a control parameter have been frustrated by the terminal shock
affecting the static pressure throughout the throat region. Therefore,
since no contraction-control parameters with general application have
been observed, it may be necessary to schedule the inlet contraction as
& function of one or more parameters that are indicative of airplane Mach
number and angle of attack or yaw. The problem of sensing flow angle can
be simplified by sheltering the inlet under a wing or near the body,
thereby restricting major flow-angle changes to either yaw and cross flow
cor angle of attack.

The contraction control is required to be fast acting to prevent
shock regurgitation during airplane maneuvers and gusts. Thece external
disturbances cause temporary errors between the desired and actual con-
traction; therefore, the desired contraction must be less than the opti-
mum value by a margin equal to the maximum expected error to prevent
shock regurgitation. Since these errors can be reduced by increasing the
complexity of the control, a compromise must be made between the control
complexity and the performance margin required for stable inlet operation.

The bypass control posiiions the normal shock near the inlet throat
to obtain high recovery and at the same time matches the inlet and engine
airflows by spillage ahead of the inlet or by a bypass in the subsonic
diffuser. For this type of control, the problem is to position the
terminal shock as far upstream in the throat as possible, without
allowing airplane mancuvers or engine transients to force it forward of
the throat. The entire bypass control loop, which includes the senmsor,
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control, bypass actuators, and the response of throat conditions to
bypass movement, must be analyzed to determine the decrement in recovery
required for stable inlet operation. The response of throal conaitions
to bypass movement, or duct dynamics, has been measured for a number of
inlet-cold-pipe and inlet-engine configurations. Good agreement has been
obtained between these measured duct dynamics and a simple prediction
based on a dead time equal to the acoustic travel time from the bypass

0 the throat, in series with a first order system based on the ability
of the diffuser to store mass. In order to keep the recovery decrement
required for a stable, controlled inlet operation-small, the throat flow
conditions must respond quickly to bypass movement. In order to obtain
this fast response, the prediction shows that the bypass must te placed
near the throat to minimize the dead time and the diffuser volume must be
small to reduce its storage capacity.

In order to illustrate possible bypass control signals, static pres-
sure distributions on the centerbody of an axially symmetric inlet with
flush slot bleed are shown in figure 5. In the plot on the left side of
the figure for a Mach number of 2.88, the shock moves up to and is com-
pressed on the flush slots as recovery is increased. Just as recovery
is increased from 0.851 to the peak value of 0.854, the shock begins to
move ahead of the bleed and appears to furnish a control signal with
large gain. However, at a Mach number of 2.48, the terminal shock does
not travel ahead of the slots as peak recovery is reached so that no
static pressure rise as large as that across the terminal shock is avail-
able for control purposes. Therefore, when the problems of off-design
operation and the need for a supercritical margin to obtain stable inlet
operation are considered, it appears that in this inlet it is not possible
to place a sensor where the terminal shock will consistantly pass 1t at
conditions near peak recovery. This was also found to be true for the
two-dimensicnal inlet (fig. 1) with porous bleed because although the
axial pcsition of the geometric throat was constant, the peak recovery
shock position was found to be a function of contraction, Mach number,
and angle of attack. The throat bleed und boundary layer, thus, seem to
distort the throat flow so that direct shock-position sensing does not
seem feasible. However, for this axially symmetric inlet, the static
pressure downstream of the slots appears to vary continucusly as recovery
is changed at both Mach numbers of 2.88 and 2.48. A control, which sensed
a constant ratio between the static-pressure sensor Just downstream of
the slot and a throat total pressure, set recovery within 2 percent of
its peak value from Mach mumbers of 2.0 to 2.88 at zero angle of attack.
A constant ratio of throat-exit static pressure to throat total pressure
was also found to be a very satisfactory control parameter for the two-
dimensional inlet just mentioned. The parameter is, therefore, believed
to be of general use and is equivalent to setting a constant throat-exit
Mach number. Summarizing the inlet control situation, it appears that
considerable development effort will be required for each different iniet
installation.
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Regarding the exhaust system, reasonsble performance can be obtained
from a conventional sonic @xhaust nozzle at subsonic speeds. For the
engine which must operate at supersonic speeds, however, variable-geometry
ejector nozzles are required., The performance of such a nozzle is shown
in figure 6. Here the ratio of the net thrust minus boattail drag divided
by the ideal net thrust is plotted as a function of Mach nunber. The per-
formance is shown for a design which has primary and secondary nozzles of
variable area and a variable external shape. The net thrust ratio reachec
a minimum value of 0.82 at transonic speeds and graduslly increases to
0.91 at the design Mach number of %. Ingemuch as the ideal varisble-
geometry ejector has a thrust ratio of about 0.97, it is believed that
considerable improvements in ejector performance, particularly at tran-
sonic speeds, may be realized with further research.

All of the propulsion-system components which have been discussed
result in losses in the thrust which is available from an engine. The
magnitude of these losses is shown in figure 7 in which the ratio of
net thrust to ideal net thrust is plotted as a function of Mach number.
This breakdown includes the losses due to the two-dimensional inlet
pressure recovery, inlet control margin, boundary-layer leed, spillage,
and the variable-geometry ejJector just discussed. The largest individual
losses are due to the inlet recovery and variable-geometry ejector. The
losses due to control margin, boundary-layer bleed, and spillage drag are
each small, but the sum is significant, and such losses are inherent in
any propulsion system. As a result of all these losses the available
thrust is from 7O to 75 percent of the ideal thrust. Increases in the
available thrust ratio above these values will depend principally upon
future improvements in inlet and exit performance.

Turning to the engines themselves, both turtojet and turbofan engines
are being considered for use in the multimission and supersonic cruise
airplanes. As is known,the basic gas genera-or Tor these two types of
engines is essentially the same., I the fan er ;ine, however, extra power
is extracted from the main gas stream by a turbine to compress additional
air, which does not pass through the gas generator, so that for a given
gas generator the total airflow of the turbofan is greater than that of
the turbojet.

When the power plants are considered, the thrust characteristics of
the engine must be compared with the drag characteristics of the airplane.
This comparison has been made in figure & for the supersonic transport.
(The comparison would be somewhat different for the supersonic bomber.)
The airplane was assumed to accelerate to M = 0.9 at low altitude,
climb to 40,000 feet at M = 0.9, and then climb gradually while accele-
rating with augmented power to M = 3.0.

The line labeled drag represents the level or drag encountered
during the climb and acceleration, and the symbols represent the loiter,
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subsonic-cruise, and supersonic-cruise drag values. The two shaded
regions represent the levels of thrust obtainadble by typical turbojet
and turbofan engines matched to this airplane with a nonaugmented take-
off thrust-to-weight ratic of 0.3L. The band on the left is for unaug-
mented operationj the otner band is for full augmentation. The downward
Jog between the two bands is, of course, associated with the climb to
altitude.

The most significant thing shown in figure 8 is the fact that the
thrust-minus-drag margin is & minimum at transonic speeds and is much
smaller than the margin which exists at either subsonic or supersonic
speeds. This characteristic may well determine the required engine size.
Other problem areas are take-off noise (which is rather high for the
turbojet even -rithout augmentation), the fact that sea-level loiter and
subsonic cruise are performed at extremely low percentages of the avail-
able unsugmented thrust, and the necessity for the attaimment of low
specific fuel consumption at supersonic cruise conditions.

A large percentage of the fuel usage of the supersonic transport
occurs in off-design flight. This is illustrated in figure 9 where the
fuel rate for such an airplane is plotted against flight time. The
mission segments coneidered are climb and acceleration, cruise, let-
down, loiter, and reserves. Only about half of the fuel is used during
design-point operation. This fact stresses the great need for obtaining
efficient propulsion system performance in off-design operation as well
as at the design point.

The same situation exists in connection with the multimission air-
plane, In figure 10 the percentage of fuel used by such an airplane
during the various phases of three important missions is shown. The
three missions are: a M = 1.2 sea-level-dash mission, a superscnic-
cruise mission, and & subsoni-~-ferry mission. In each case the mission
is broken down into take-off, climb, and acceleration, the dash or
cruise part of the mission, and the loiter and landing. It is apparent
that the major part of the fuel usage for the three missions occurs at
quite different operating conditions: M = 1.2 at sea level, M = 2.2
at altitude, and M = 0.85 at altitude. Here again an extremely
versatile engine is required for this airplane. In other words, the
engine should have a low specific fuel consumption for a wide range
of operating conditions.

The bssic characteristics of turbojet and turbofan engines are com-
pered in a qualivative sense in figure il, where specific fuel consump-
tion is plotted against thrust for several operating conditions. The
turbojet engine data selected are representative of current M = 3,0
designs, whereas the turbofan data have been obtained from industry and
NASA estimations of the probable characteristics of such engines. The
two curves on the left are for M = 0.9 flight at 35,000 feet with no
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augmentation, and the other twvo curves are for M = 3.0 flight at
65,000 feet with augmentatiorn. The two engines have been sized arbi-
trarily to give the same thrust at take-off conditions.

At subsonic speeds it can be seen that the turbofan potentially
offers lower specific fuel coasumption and thus more efficient operation
over a much broader range of thrust than the turbojet. This charac-
teristic, which is obtained with little if any penalty in specific fuel
consumption in the supersonic-cruise condition, obviously is of great
benefit at off-design operation such as subsonic cruise and loiter. In
addition, because of the greatly increased airflow the turbofan poten-
tially offers advantages of lower noise during take-off, greater thrust
augmentation at transonic speeds, and lower operating temperatures
during both acceleration and supersonic cruic

One disadvantage of the turbofan is that it might require a
greater frontal ares for a given thrust and will have greater air inlev

.and ducting weights. Obviously, therefore, there is the problem of

trade-offs - that is, the optimum engine for a given airplane or mission
can be determined only by a step-by-step consideration of all the
factors involved. Nevertheless, the potential advantages of the turbo-
fan appear great enough fc both the supersonic and the multimission
airplanes that its develor.ent should be pursued vigorously.

In summary, the state of the art with regard to air-breathing pro-
pulsion systems for supersonic airplanes may be expressed as follows.
Sufficient research and development has been conducted in the fields of
aizr inlets and jet exits to enable a reasonably high level of cn-design
performance to be obtained. A great deal of detailed tailoring will be
required, however, to match components so that optimum performance will
be obtained over a wide range of operating conditions, and satisfactory
control arrangements worked out. In connectior —ith the engines them-
selves, the turbofan appears to offer a number ¢. significant advan-
tages which appear to make its future development highly desirable.
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THE DEVELOPMENT OF ADVANCED MILITARY ATRCRAFT
By Jack Fischel

! Flight Research Center
INTRODUCTION

The design, construction, and development of advanced military air-
craft undoubtedly will involve the utilization of many relatively new
concepts in several different, but related, areas. In many cases, these
new concepts will require new flight techniques or involve development
problems inherent in the use of relatively unproven methods, materials,
structures, systems, and configurations. Moreover, flight verification
will be required of aircraft aerodynamics and flight behavior because
of the usual uncertainties associated with predicted data. Solutions
to these problems obviously would require flight testing involving exten-
sive time and effort before the aircraft could become cperatiorally
acceptable.

Upon the inception of the X-15 research airplane project, many new
and far-reaching techniques and principles were studied and applied in
the aircraft design and are currently being demonstrated and investi-
gated. Because similar concepts are likely to be used in advanced mili-
tary aircraft, the X-15 flight program will provide significant informe-
tion, over a broad flight environment, pertinent to the development of
these vehicles. This paper discusses the research objectives of the
X-15 flight progran, some of the flight aerodynamic characteristics
currently being obtained, some development problems encountered, and
the experience obtained with the advanced systems investigated.

SYMBOLS
1)) drag coefficient
Cy, 1ift coefficient
C, rolling-moment coefficient
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pitching-moment coefficient

normal -force coefficient

yewing-moment coetricient

Mach number

dynamic pressure

angle of attack

angle of sidesglip

aileron deflection

horizontal-tail deflection

vertical-tail deflection
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OUTLINE OF FLIGHT PROGRAM

Research Objectives

In order to provide some understanding of the contributions forth-
coming from the X-15 flight program, a listing of the flight research
objectives is presented as follows: (1) aerodynamic and structural
heating, (2) serodynamic loads and structural research, (3) aerodynamic
derivatives, (4) flight control, (5) 1lift and drag characteristics,

(6) recovery and laading, (7) aeromedical studies, and (&) operational
eveluation. These items are discussed individually in the following

paragraphs.

In regard to the i“em (1), aerodynamic and structural heating, one
of the primary objectives of the X-15 flight test program is to make
heat-transfer studies on a full-scale flight vehicle in the wrue envi-
romnment. In order to accomplish this objective, temperature gradients
in the structure will be obtained as well as the isolated skin tempera-
tures from which heat-transfer coefficients could be determined. During
the flight tests, primary emphasis will be plazed on studies of the
aserodynamic heat transfer to the vehicle, particularly in the areas
vhere interfering flows are experienced and where available analytical
methods might be expected to give less satisfactory predictions. The
f£light results will be nondimensionalized wherever possible so as to be
of most general applicability. Detailed studies of toundary layer and
local flow conditions will be made in selected areas on the airplane in
order to accomplish this nondimensionalizing.

In the area of aerodynamic loads and structural resesrch, aero-
dynamic and structural loads data are being obtained on the wing, con-
trol surfaces, and various structurul components of the X-15 airplane
during flights and also during landings. This informastion is of
interest to structural designers and serodynamicists in proving the
integrity of structures and predicted loads characteristics and the
efficiency of control surfaces under varying environments.

Determination of aerodynamic derivatives in flight over the oper-
ating envelope is of obvious significance for verification of wind-
tunnel and estimated derivatives and for flight-planning purposes.

The flight control research areas are manifold and include inves-
tigation of control problems in supevsonic and Lypersonic flight; con-
trol problems in trajectory flight, including exit, control at low
dyuamic preasure and neer zero g, and reentry; advanced flight control
systems, and control in the Dyna-Soar research areas. Among the signif-
icant objectives included are: determination of the adequacy of the
display, of the console stick, and of the stebility augmentation system;
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the use of reaction controls; simulation requirements; handling qualities
in the hypersonic regime, in & high-dynamic-pressure high-temperature
enviromment, and in a low~dynamic-pressure high-angle-of-attuck regime;
and a study of a type of asdaptive control system for effective operation
in an extreme control environment.

Research on lift and drag characteristics involves determination
of scale effects on lift and drag. These effects, of course, aid in
the verification or interpretation of wind-tumnnel results and extend
the knowledge of Reynolds number effects. Also, base-drag character-
istics are being determined.

The recovery and landing research performed is applicable not
merely to the safe landing of the X-15 but to the proper determinetion
of suitable recovery techniques for use on vehicles having low lift-
drag ratios, and, certainly, is applicable to the Dyna-Soar.

Aeromedical studies involve determination of physiological aspects
in a varied g environment or in near-critical regimes. Another impor-
tent aspect is the flight evaluation of & pressure suit made tc with-
stand the range in temperature and pressure and the blast effects
anticipated for normal and emergency operation.

Operational evaluation is applicable to the various systems, mate-
rials, and structure utilized in the aircraft and will provide informa-
tion periinent to these items in a varied flight environment.

Performance Envelope

The extent of the flight regimes available to the X-15 is shown in
figure 1 in terms of altitude and Mach number. The flight envelope
obtainable with the XIR1ll interim engines extends to a peak altitude of
135,000 feet and a Mach number of 3.4. The design altitude with the
XIR99 finel engine is 250,000 feet. The design speed is & Mach number
of about 6.5. Higher altitudes at lower airspeeds, as shown by the
dashed curve, can be achieved in acute semiballistic or ballistic
flight trajectories. For flights to extremely high altitudes, however,
recovery 1s uncertain because of the reentry problem.

Until now, the X-15 has achieved a peak Mach number of 3.2 and a
peak altitude of 107,000 feet by using the interim rocket engines.
Further expansion and exploration of the flight envelope available with
the XIR1l engines will continue in the next few months, with special

emphasis on several of the research areas discussed, such as heating,

flight control. sand serodvnamic dAerive+ives Maanuvhile. sn YIROQ €4mnal
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rocket engine is currently being installed in one of the X-15 airplanes
and will be used in the near future to expand the flight envelope to the
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airplane design limits. Exploration of the research areas discussed
will be jpursued simultaneously within this flight envelope after all
the airplanes have had the larger engine installed.

RESULTS ORTAINED TO DATE

As is well known, & substantial smount of theoretical and laboratory
research, as well as simulation, was performed in support of the X-15
project. Therefore, verification is required of these predicted charac-
teristics under full-scsle flight conditions. The operational experience
with systems, techniques, and materials, also requires evaluation.

Stability Derivatives and Flight Control

The current status of the flight evaluation of some of the principal
stability derivatives is shown in figure 2 as a function of Mach number
for a limited angle-of-attack range (4° < o < 10°). Shown are the lift-
curve slope and the longitudinal-, directional-, and lateral-stability

parameters. For comparison, wind-tunnel deta for a similar angle-of -

attack range are also shown, by the faired curves, and indicate fairly
good agreement. The pitch, yaw, and roll control derivatives evalusted
in flight are compared with predicted results in figure 3. Good egree-
ment is also indicated. Although good agreement between flight and wind-
iunnel derivatives is apparent in the range below a Mach number of
approximately 3, particular interest is centered in the flight-derivative
evaluation at Mach numbers in excess of 3, where no previous flight eval-
uations have been made. Verificacion of wind-tunnel derivatives at these
higher speeds will provide information pertinent to the development of
cther advanced vehicles.

It ie of some significance to note that various flight motions have
been reasonsbly well predicted in simulator studies thus far by using
wind-tunnel derivatives. This agreement has provided a degree of assur-
ance in expanding the flight envelope. Although the stability augmenta-
tion system has been used in most of the flight studies performed, fur-
ther research is planned with and without the use of various damper modes
to evaluate the augmentation system and to determine any control limita-
tions resulting during normal operation or from damper-cut conditions.
In specific flight regimes, such as at high dynamic pressuire or during
reentry, control limitations msy be critical; therefore, the X-15 shonld
provide information applicable to minimum control requirements of other
advanced vehicles.

| e — v~
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Lift-Drag Characteristics

A comparison of flight and wind-tunnel drag polars at three speeds
is shown in figure 4. Presented are the variations of 1lift coefficient
with drag coefficient for Mach numbers of 0.9, 1.1, and 2.0. Agreement
is reasonably good at the subsonic and higher supersonic speeds, but
the flight-determined drag coefficient is somewhat higher at the lower
supersonic speed. Brief base-pressure data indicate that this disagreer
nent in the low supersonic range is due largely to a discrepancy between
the base-drag meassurements obtained from wind-tunnel and flight tests.
This is yet to be resolved. Nevertheless, the drag-due-to-lift charac-

teristics measured in flight agree reasonably well with predicted
characteristics.

Extension of the lift-drag evaluation under full-scale conditions
to determine scale effects and base-drag contributions will provide a
better understanding of wind-tunnel results and sllow interpretation of
wind-tunnel tests of other advanced vehicles to full-scale conditionms.

Heating

In the research sree of aserodynamic heating, a potential high-speed
problem area, the highest temperatures recorded have been in the neigh-
borhood of LOO° F, obtained during a speed-buildup mission which resulted
in & meximum Mach number of 3.2.

Figure 5 presents only & brief sample of the type of temperature
measurements being obtained. A sectional sketch is shown of the mid-
span station on the wing with the chordwise distribution of skin tem-
perature at the time peak temperature was realized. This distribution
occurred after the peak Mach number of 3.2 for this flight was attained.
The lower skin temperatures are higher than those of the upper skin
mainly because of angle-of-attack effects and partly because of the
thinner skin on the lower surface. The lower temperatures near the
leading edge are attributed to the heavy leading-edge heat sink designed
to handle the large heating rates to be encountered during the design
missicas. An example of the interiual variation in temperature is also
shown in the plot in the upper right corner of this figure. The rapid
rise in skin temperature produces a considerable lag and, consequently,
differences in temperature between the free skin areas, spar caps, and
internal webs. For example, at the 50-percent chord there is a differ-
ence of about 300° F between the lower skin and the center of the web.
Present indications are that predicted and measured full-scale tempera-

tures are in fair agreement, and, therefore, a degree of assurance for
extending the flight program has been provided.
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As mentioned, the data shown constitute only & brief sample of the
temperatures measured, for there are 650 thermocouples located on the X-15
to provide a rather complete coverage of skin and internal temperatures.
Future flights are planned with more nearly stabilized flight conditions
to provide nondimensional heat-transfer coefficients which will be useful
for applying results to other airplanes. Although plans heve been made
to obtain data on the X-15 in the speed range up to M > 6, it might be
added that this full-scale heating information js sorely needed for
development of even the M =3 to M =4 airplane.

Dynamic-Loads Problems

One of the problem areas which became evident early in the X-15
flight program is panel flutter. A review of the X-15 structural
design shows that the type of structure and the materials utilized in
the construction of the X-15 were governed by the heat enviromment
anticipated during various hypersonic flight missions. The X-15 side-
fairing panels were constructed of a flat sheet stiffened by a corru-
gated backing, and no adequate analytical methods were, or are, avail-
sble to prediet flutter of a flat-sheet panel, much less the complex
panels used on the X-15. Moreover, prior to flight testing, no wind-
tunnel tests had been performed to investigate panel flutter on these
specific panels. During flight tests, panel flutter of the side-
fairing panels was experienced. Subsequent wind-tunnel ard flight
tests provided a simple fix that appears adequate to avoid this phe-
nomenon, &t least for the present.

Figure 6 shows an example of the relative panel response measured
during flight for the originel panels and for the stiffened panels &s &
function of dynamic pressure. The upper curve represents response of
the unstiffened panel, and the lower curve shows response of the stiff-
ened panel. The abrupt increase in panel response for the unstiffened
panel represents the start of panel flutter. The beneficial effect of
the modification is illustrated by the general reduction of panel response
and the absence of panel flutter. Flutter of the vertical-tail panels
has also been detected during wind-tunnel tests, and modifications to
the vertical-tail structure have been incorporated. Further wind-
tunnel tests are planned to clear the airplane flight envelope to the
design dynamic pressure, and continued monitoring by means of flight
measurements and inspection during the flight program, particularly in
a high-temperature and high-dynamic-pressure enviromment, will provide
additional background for fu:ure advanced designs.

Inasmuch as recent general studies and experiences have indicated
that panel flutter is the type most likely to be encountered in advanced
designs and in & higher speed enviromment, it appears that additional
studies are required to establish design procedures for avoiding this
phenomenon.
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Recovery and landing

Another problem encountered in the X-15 £light research program
pertains to the recovery and landing. The increasingly critical nature
of the approach and landing maneuver as lift-drag ratios have decreased
has caused & general focusing of attention and research effort on these
problems as related to more advanced high-speed alircraft and also to
hypervelocity and reentry vehicles. For these advanced vehicles, it
was thought that a lower limit{ of lift-drag ratio existed beyond which
it was not possible to effect & safe landing. Landing of the X-15 was
even considered questionsable.

During the past few years, the Flight Research Center has devoted
much effort to evaluation of suitable approach and landing techniques
for vehicles having peak 1ift-drag ratios approaching values as low as 3.
As & result of these studies, which included flight simulation with air-
craft such as the F-102 and F-10LA, the approach and landing technique
for the X-15 was evolved. A summary of the flight touchdown conditioms
experienced thus far is shown in figure T which presents tne variation
of vertical velocity with angle of attack. The touchdown vertical
velocities and angles of attack have generally been well within the
deaign envelope shown, and the technigue utilized is deemed satisfac~
tory. As expected, with this technique a high level of pilot profi-
ciency is rejuired for landing, and increased pilot experience gener-
ally provides improved approach and touchdown corditions. Inasmuch as
future advanced military vehicles probably will utilize power and hence
will have peak lift-drag ratios for landing which are greater than that
of the X-15, no significant landing problems are foreseen. However, in
the emergency power-off condition, where lift-drag ratio may be quite
low, these advanced vehicles may benefit from the lending techniques
developed with the X-15. In addition, the X-15 has provided, and will
continue to provide, some significant advances to the state of the art
for skid landing-gear systems.

Systems Evaluation

In addition to the research performed in the areas discussed,
informatior and experience are being obtained in preflight and flight
evaluation of the major systems listed as follows: (1) stability aug-
mentation system, (2) reaction controls, (3) adaptive controls,

(4) controllers, (5) display, (6) inertial platform, (7) physiological,
(8) operational, (9) not nose, (1C) rocket engine, and (11) energy
management. Although most of these systems are being independently
developed in various ground-based environments, it is only in a flight
environment, in combination with other systems, that a realistic demon-
stration can be effected. In contrast to the agreement found between
flight and predicted aerodynamic characteristics thus far, the systems
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experience in flight has not always been satisfactory. This is more or
less anticipated when a system is in the development or checkout stage.
In some instances, component relimbility or integration problems heve
been encountered, and in others component or system development is
required. Also, some of these systems have never been flight evaluated
and are being developed in leboratory or mockup studies for future
flight use. In all cases, continuous product-improvement effort is,

and will be,neccesary to provide satisfactory flight operation and
reliability. Ii is relatively certain that many of these systems or
modifications of these systems will have future application to the vari-
ous flight areas covered hy the X-15, as well as to other flight regiomns.
Therefore, it is safe to say that these systems are, and will be, devel-
oped to the satisfactory stage and should be available for application
to other advanced vehicles.

CONCLUDING REMARKS

A discussion has been prisented of the flight-research objectives
and some of the results obtained to date in the X~15 flight-research
program vwhich are pertinent to the development cf advanced military
aireraft. Flight studies performed thus far, up to & Mach number of
approximately 3, indicate that the aerodynamic force and heatirg data
o_*ained agree reasonably well with wind-tunnel predicted data. More
significant data, having an influence on other advanced vehicles, will
be obtained in a number of research areas when the speed range is
extended to Mach numbers between 3 and 6.

Some aerodynamic problems, dynamic structural problems, and systems
operational problems were encountered, and probably will continue to be
encountered, as & result of the use of new configurations, materials,
structure, and systems concerning which little or no practical knowl-
edge is available or which require full-scale verification. These are
some of the same problems which will be eacountered in the development
of any advanced aircraft and can be evaluated and finally solved only
by a realistic study in a flight environment. Therefore, the current
f1ight studies being performed with the X-15 will provide informetion
which will benefit the development of advanced military aircraft.
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VI. HYPERSONIC CRUISE VERICLES
By/John M. Swihart and John R. Henry

o b
Langley Research Center .

N67-33076

INTRODUCTION

Interest has been recently expressed in the military use of hyper-
sonic cruise vehicles as bambers, transports, recomnaissance aircraft,
and perhaps recoversble boosters. The purpose of this paper is to give
a very brief summary of the state of the art in aerodynamics, aero-
dynemic heating, propulsion, and to indicate the performance possibil-
ities of such an alrcraft based on this state of the art. A great deal
of resesrch applicable over broad regions of the hypersonic speed range
is in progress (refs. 1 and 2, for exsmple) but for the present purpose,
discussion will be confined to cruising vehicles which are boosted to
cruise speed and altitude. For this purpose a Mach number of 6 has been
chosen as the design point, which 1s considered to be about the limiting
Mach number for the use of hydrocarbon fuel and is also considered to be
a logical starting point for the use of liquid hydrogen fuel.

SYMBOLS

Ao inlet capture area

Cp,a afterbody drag coefficient
CD,O drag coefficient at zero 1lift
Cy, 11ft coefficient

pitching-moment coefficient

Cn

D drag

Do inlet capture diemeter
, .

L

M

Pt
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q dynamic pressure

R Reynolds number

Ry transition Reynolds number

Ve gross weight

a angle of attack

B boattall angle

€ emissivity

KT inlet kinetic energy efficiency
KN nozzle kinetic energy efficiency
Mg wing-leading-edge sweep

RESULTS AND DISCUSSION

Figure 1 illustrates e configuration concept for a hydrocarbon-
fuel vehicle. This relatively high-fineness-ratio high-fuel-density
model has & TOC single-wedge-slelb deltas wing with a thickness ratio of
2 percent. The fuselage is shown mounted on top of the flat-bottom
wing; however, by interchanging fuselages and wing camber positions,
several models were obtained and were investigated. There were no
engine nacelles mounted on these models.

Figure 2 1llustrates & configuration concept for a liquid-hydrogen-
fuel vehicle. It has the same kind of wing as the hydrocarbon-fuel
model, except the leading-edge sweep has been increased to 7h°, the wing
tip has been clipped, and the very large fuselage necessary for the low-
density hydrcgen fuel has been placed symmetrically on the wing.

A calculated drag breakdown for these two designs at & Mach number
of 6 is as follows:




Component drag coefficient, percent CD,O

Design 'I"“égf:al Body Tail Wing Skin
Wave | Base | Wave | Base | Wave | Base friction

Hyarocarbontoooso | 4| 5| 1| 2| 2] 20 6

fydrogen  l1o.0056 | 30 | 16 | 2 | 1| | » | 13

Typical values of full-scale minimum drag coefficient CD,O are shown

for each configuration and the contribution of the body, tail, and wing
to the minimum drag are listed as percentages. This table serves to
illustrate that for a hydrocarbon-fuel design, the skin-friction drag
is all important and no roughness drag sbove the level for turbulent
boundary layers (which has peen discussed previously in part III of this
volume) can be tolerated. The skin-friction drag for the hydrogen-fuel
design is still very important; however, the wave drag associasted with
the large fuselage has become an apprecisble part of the minimum drag.
For toth- configurations, the base drag for these slab wings, tails, and
bodies is quite high.

The effect of boattailing on afterbody drag is shown in figure 3.
These data are for a Mack number of 6 with a fully turbulent boundary
lsyer, and the afterbody drag coefficient obtained by integrating the
pressures along the afterbody and across the base are plotted against
the boattail angle. The data were measured on & two-dimensional slab
wing and the sketch "1 figure 3 shows how the model was boattailed with
the base dimension corresponding to & boattail angle of 12°. For tke
flat base, B = 0°, the drag is nearly equal to the estimated vacuum
value of the pressure coefficient, or (-1/M2); however, as at lower Mach
numbers, substantial gains are realized from boattailing and a 33 percent
reduction is shown in Cp o by incorporating a boattail angle of 6°,

Figure & shows the aerodynamic characteristics for the high-density
hydrocarbon-fuel model. These date were obtained in the Langley Unitary
Plan Wind Tunnel at & Mach number of 4.63 and a Reynolds number of
T X 106 based on the mean serodynamic chord of the wing. Figure 5 shows
data ohtained in the Langley 300-MPH 7- by 10-foot tunnel at a Mach num-
ber of 0.25 and a Reynolds number of 2.5 X 106. The data in figures 4
and 5 are for a configuretion with the fuselege below end above the
delta wing untrimmed and with no verticsl tail. The L/D is slightly
higher with the body above than VEllwdMe body-®elow the wing, but the
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configuration with the body below the wing gives a higher value of Cp

at zero 1ift. Many methods have been devised in the past to reduce the
trim drag that would be associated with the body above the wing; and
one of these, nose cant, for example, could be applied here. Shifting
the body position changes the lift-curve slope slightly as would be
expected and changes the position of zero lift by about +1°. An impor-
tant point to be noted in figures 4 and 5 is that the data appear to be
very smooth and show no radical nonlinearities, either at subsonic or

" high supersonic speeds.

Figure 6 has been prepared to give an indication of the magnitude
of the lift-drag ratios that have been obtained. Solid and dashed lines
are calculations for flet plates at a Reynolds number of 90 X 106. The
transition Reynolds number was assumed to be zero {leading edge) for the
solid-line curve and 10 X 106 for the dash-line curve. This value of
transition is probably as high as can be expected, inasmuch as high
values of leading-edge sweep tend to have a detrimental effect on
leminar flow. (See part III.) Some preliminary data obtained at & Mach
number of 5 with a 700 delta wing indicate that transition occurred at
a Reynolds number of gbout 3 X 106. These flat-plate data set an upper
limit to be expected on L/D and show & value of L/D of about 10 at
a Mach number of 6. The model data shown are not for complete models in
the usuel sense in that they have no engine nacelles; however, in s
subsequent part of this discussion, the nacelie external drag has been
subtracted from engine thrust, and the interference drag is believed to
be very small. The data indicate that for high-density hydrocarbon-fuel
vehicles, values of L/D of about 8 can be obtained at a Mach number of
6, whereas for low-density liquid-hydrogen-fuel models the values of L/D
are near 6 or less over the speed range up to a Mach number of 10.5.
This level of aerodynemic performance is shown subsequently to be high
erough to provide desirable ranges for cruising vehicles.

Figure 7 1s concerned with the aerodynamic heating of the bdbasic
vehicle structure. The equilibrium surface temperatures calculated for
& Mach number of 6 with an emissivity of 0.9 are tabulated for the wing
of the hydrocarbon-fuel vehicle &t an angle of attack of 5°. The wing
leading-edge diameter is 1 inch. The tabulated values indicate that
the leading-edge temperature would be about 1,750° F, that the lower-
surface temperatures from immediately in back of the leading to the
trailing edges would range from 1,200° F to 1,400° F, and that the upper-
surface temperatures would range from 700° F to 900° F. The leading
edge might have to be made of some refractory material; however, the
rest of the vehicle could probably be constructed of one of the super
alloys such as René 41, and perhaps the upper surface of the wing and
also the body, if mounted above the wing, could be constructed of
titanium. Construction of such a vehicle is consequently believed to
be within the cepability of the aviation industry at the present time.
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The propulsion systems for a vehicle of this type are next to be
ccnsidered. The propulsion systems discussed are limited to the con-
ventional ramjet type of engine. Other engine types are under study
by various organizations throughout the United States; however, these
other types are intended to operate either over a range of flight Mach
numbers or at speeds substantially higher than a Mach number of 6.

Figure 8 presents a sketch of the propulsion unit under considcra-
tion. It consists of three principal parts: the hypersonic inlet, the
subsonic combustion chamber, and the exhaust nozzle. Much recearch has
yet to be done on the hypersonic propulsion unit. Wit. regard to the
inlet, in addition to the usual determinations of optimum configurations
for missions of interest, questions and problems exist relative to the
effects of boundary-layer cooling on the inlet performance, the method
of handling the cooling, the design of structural and varisble-geometry
configurations, and the optimum compromises between boundary-layer bleed
and total pressure recovery. Essentially no information is available
on combustion chamber design, for example. Much laformation is needed
on recombination rates for the gases flowing through the exhaust nozzle
and the associated effects on exhaust-nozzle design requirements. The
ma'.ter of the appropriate combination of special materials and cooling
arrangement to be used for the diffuser, nozzle throat, acd combustion
chamber is under study. Recent research (ref. 3) by Connors and Obery
of the NASA lewis Research Center indicated that the heat-transfer rate
at the nozzle throat of a ramjet engine would need to be sbout 400 Btu
per square foot per second in order to masintain a wall temperature of
1,500° F. This cooling rate is approximately one-fourth that being
sustained in rocket engines for short duration; therefore, Connors and
Obery concluded that it should be possible to cool ramjet engines for
indefinite periods of time. For the hypersonic ramjet engine to be
really promising, s high-energy fuel with a large heat sink and no
coking problems is required. Ordinary hydrocarbons do not fulfill
these requirements and liquid hydrogen hes many logistic disadvantages.
However, all of these problems which have been listed appear to be sub-
Ject to solution with sufficient investment in research and development.

The proportions of the exhaust nozzle indicated in figure 8 were
determined from an analysis using real-gas Mollier diagrams (ref. 4)
and three-dimensional characteristic computations for the external
nacelle drag. The dimensions given apply to either hydrocarbon or
hydrogen fuels because the proportions were nearly the same for the two
fuels. The exit diameter of 1.3Dp corresponds to an underexpanded
nozzle and represents the maximum thrust-minus-drag configurations. As
the nozzle diameter is increased beyond this value, the external drag

L oon mann o o Tl b cecdo Al Alae feadaceal Sl ad wasnds 3
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nozzle exit to throat diameter corresponds to an area ratio of 13.8,
an exit Mach number of 3.3, and an exit static-pressure ratio of about
2.0. Hypersonic ramjet engines have been designed in the industry for
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internal pressures up to 500 pounds per square inch sbsolute; therefore,
the combustion-chamber stagnation pressure of 98 pounds per square inch
ebsolute for this unit should incur no additional structural pruoviems.
The inlet stagnation temperature of 2,600° F and the combustion tempera-
ture of U,8000 F will pose cooling problems and special materials, and
perhaps regenerative cooling will be required. In this regard liquid
hydrogen possesses ideal cooling properties and studies have shown that
liquid hydrogen will provide sufficient cooling up to Mach numbers of 8
or perhaps 9. Other fuels such as frozen methane also offer possible
solutions.

In relation to the hypersonic-inlet problem, figure 9 contains
sketches of two inlet types which are under active consideration. The
sketch at the left of the figure represents a three-dimensionel all-
external -compression spike-type inlet. The spilke consists of a conical
tip followed by an isentropic compression surface, and boundary-layer
bleed may or may not be used on the shoulder. Because of the local flow
inclination the cowl lip may be set at a falrly high angle to avoid a
strong reflected shock. This design will incur appreciable external
drag and the thin annular throat may be subject to special structural
and cooling problems. The great advantage of this inlet is that no
variable geometry is required because no appreciaeble amount of internal
compression occurs. The sketch in the right-hand half of the figure
represents the same generel type of inlet; however, the high cowling
drag has been eliminated by reducing the external compression and sub-
stituting internal compression. This effort to attain increased thrust
minus drag results in a variable geometry requirement for starting the
inlet. The United Aircraft Corporation has investigated both of these
inlet types (refs. 5 and 6) and the NASA Lewis Research Center Las tested
the all-external-compression inlet (ref. 7). Some representative data
on these inlet types and on two-dimensiomal research inlets are presented
in figure 10.

Total pressare recovery is given as a function of free-stream Mach
number in figure 10, and curves of constant inlet kinetic energy effi-
ciency based on real air computations are superimposed on the plot. The
key in this figure indicates the source of the data: The United Aircraft
Corporation data (laebeled UAC) are from references 5 and 6. The Langley
data are from an unpublished work by John R. Henry, Lowell E. Hasel, and
Ernest A. Mackley of the Langley Research Center, which was presented at
a classified session of the SAE National Aeronautical Meeting (New York)
in April 1960. The Lewis data are from references 7, 8, 9, and an

unpublished investigation conducted by L. E. Stitt and D. L. Chubb at
the lewis Research Center.

The type of inlet ranging from all-external to all-internal com-
pression is listed and whether or not the flow field is two dimensional
(2-D) or three dimensional (3-D). The solid symbols are for fixed-geometry
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Inlets and the flagged symbols represent inlets with no boundary-layer
bleed. For the cases with bleed, the measured recoveries were reduced
by an smount appropriate to the excess drag associated with the bleed
flow in order to obtain a true comparison beiween data with and without
boundary-layer bleed. This adjustment to the data was accomplished on
an equal thrust-minus-drag btasis. The principal conclusion to be drawn
from this figure i1s that inasmuch as the bulk of the data correspond to
kinetic-energy efficiencies of 92 percent or higher, an assumption of
92 percent for computations of net thrust, range, and performence is
very reasonsble.

The engine-nacelle net-thrust coefficient based on capture area is
presented in figure 11 as a function of inlet-kinetic-energy efficiency
for stoichiometric m’.:tures of hLydrogen and hydrocarbon fuels. The drag
component of the net-thrust coefticient includes both the pressure drag
and friction drag for fully turbulent flow on the external surface of the
axisynmetric nacelle. In addition, the drag coefficient was increased
by 0.05 as an allowance for & drag increment due to the rounding of the
cowl leading edge in order to maintain & temperature of 2,000° F or less.
Mollier diagrams for real air and gases were used in making the computa-
tions (ref. 4). No attempt was made to determine optimum cruise equiv-
alence ratios; however, other studies have shown that the optimum values
are probebly somewhat less than the value of 1 used in this analysis.

A nozzle-kinetic-energy efficiency of 0.975 was assumed in the computa-
tions. The ticks and numbers appearing on the two curves give the
values of specific fuel consumption associated with the particular
thrust coefficients.

The primary purpose of thir figure is to show the general level of
thrust coefficient and specific fuel consumption cbtainable for each of
the fuels at the inlet-kinetic-energy efficiency of interest, 92 percent.
The thrust coefficient for hydrogen is 0.98 which is only 11 percent
higher than the value for hydrocarbon fuel of 0.88; however, the specific
fuel consumption of 1.15 for hydrogen is only 38 percent of the value
of 3.05 for the hydrocarbon fuel. This advantage cf hydrogen, of course,
is offset to some extent by its low-density high-storage volume
requirements.

The values for the aerodynamic characteristics of hyperscnic con-
figurations which have been presented earlier herein have been combined
with the propulsion unit-performance values just presented to give the
range-payload-mission potentialities. The ranges have been computed by
using the Breguet range equation and do not include increments of range
obtained during the boosted portion of the flight or the glide letdcwn

at the end of the mission. The unit hardwere weights used are consistent

with previous work on hypersonic glide vehicles and with irndustry studies
cn hypersonic cruise vehicles.
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The results of these performance computations are given in figure 12
vwhich presents range in nautical miles as & function of payload for
assumed gross weights of 200,000 and 250,000 pounds for both hydrogen
and hydrocarbon fuels. The curves shown should be regarded as approxi-
mate indications of the level of performance obteinasble, inasmuch as no
detailed design work has been done on these configurations. It shculd
also be noted that the weight of the =21id propellant booster required
to 1ift these vehicles to a design cruise speed of Mach number 6 at an
altitude of approximately 80,000 to 100,000 feet is roughly twice the
weight of the vehicle itself, eo that for the 200,000-pound machine, the
gross take-off weight of the cruise vehicle and ite booster would be
about 600,000 pounds. This booster weight could be cut in half by
boosting only tc a Mach number of 3.0 and paying the weight penalty of
the varisble-geometry inlet required to mekc the ranjet self-accelerating.
The booster weight could also be reduced by about one-~half by incorporating
an all-liquid system and using liquid hyd:rogen as fuel.

The hydrogen fuel provides approximately 30 percent more range than
the hydrocarbon fuel over the entire range of these calculations. This
result shows that the low specific fuel consumption of hydrogen has oute-
weighed the adverse effect of high-volume storage requirements on the
aerodynamic characteristics of the vehicle; however, it cannot be con-
cluded that hydrogen is best because of the many logistics problems
involved for military applications. Militaery missions of roughly
10,000 nsutical miles and 25,000 pounds of payload are of considerable
interest and the curves clearly show that this type of mission is
obtainable with a boosted hypersonic cruise vehicle. OSmaller ranges and
payloads such as those appliceable to reconnaissance missions could be
accomplished with much smaller gross weights than have been indicated
here. It is possible that these smaller vehicles could be launched from
a recoverable booster such as has been under study for Dyna-Scar and
other space missions.

CONCLUSIORS

It is recognized that there are many problem areas for & hypersonic
cruise vehicle which will require intemsive research for satisfactory
solutions; however, it appears that:

1. The state of the art is such that l1ift-drag ratios of sufficient
aagnitude to give satisfactory range can be obtained.

2. The thermodynamics of the propulsion units yield values of pro-
pulsive efficiency which, when coupled with the aerodynamic efficiency,

ol
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indicate desirable range-payload possibilities. Uafortunately research

data on the materials and cooling methods for this engine are not well
documented.

2. The serodynamic heating of the vehicle is low enough to allow

construction of such a vchicle within the present capability of the
aviation industry.
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VII. SOME STRUCTURAL AND MATERIALS CONSIDERATIONS
FOR MANNED MILITARY AIRCRAFT

Bv Eldon E. Mathauser, Richard A. Pride,
and Avraham Berkovits

langley Research Center N 67 _ 3 3 0 7?

INTRODUCTION

The design of lightweight, efficient structures is one of the funda-
mental requirements for achievement of high performance in military sir-
craft. In this paper some of the structural and materials considera-
tions that are important to the strength, weight, and integrity of
ajrcraft structures are reviewed. A comparison of sane structural
materials is made on the basis of weight-strength and tear resistance.
In the area of structural design, the relative weights of several types
of construction that are of current interest are reviewed and the influ-
ence of different materisls and the effects of elevated temperatures
on structural weight are indicated. Iaetly, other factors that are of
importance in astructural design of future aircraft are discussed. These
include strength under nonuniform temperatures, creep, sonic fatigzue,
and panel flutter.

MATERIAIS

Weight-Strength Comparison

The relative efficiency of structural materials is frequently
determined on & weight-strengtii basis by use of plots of the type shown
in figure .. Relative weight is plotted ugainst temperature for
7075-T6 aluminum alloy, 6A1-LV titanium alloy, PH 15-7 Mo stainless
steel, René Ll nickel alloy, and a material of consideradble structural
interest, beryllium. This comparison is mede on the bdasis of density
and ultimate tensile strength and provides a means for selection of
sinirm-veight tensile members. PFor the selection cf members under
compress’.re loading, mate.ial properties such as Young's modulus and
yield strength would dbe utilized.

Yote that the stainless steel and the titanium alloy are either
competitive or superior weightvise to the aluminmum alloy at room tem-
persture and that relatively little weight increase is obtained vith
these two materials for temperatures up tc 600° ¥ or TOC° P. At
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higher temperatures, a change to nickel alloy materials, such as René 41,
appears desirsble in order to conserve weight.

Weight-strength considerations such as these.are of interest in the
selection of structural materials. however, other factors are becoming
incressingly !mportant.

Tear Resistance

Tear resistance is of concern for transport-type aircra®t becsuse
of the possibility of catestrcphic fallures of aircraft in service. It
is expected to be of concern when high-strength, thin-gage sheet mate-
rials are used in the structure.

The tear resistance of some structural materials is presented in
figure 2. (See ref. l1.) The average- or gross-area failure stress og

for sheet containing a crack, divided by the ultimate tensile strength
of the me%erial o 1S Plotted sgainst the ratio x/b, where x is
the crack length and b is the plate width. The line labeled "com-
pletely ductile" represents a material that is completely insensitive

to the presence of a crack. Among the materials shown here, 6061-T4 alu-
minum elloy indicates the best tear resistance and 420 stainless steel
the pocrest  Nute that several high-strength steels are superior on

thie bLesis to the 2024-T3 and TO75-T6 aluminum alloys in current use.

Data on tear resistance ere not available for many of the struc-
tural materials of interest; and in some cases, the data cover only a
small range as shown, for exsmple, for the PH 15-7 Mo stainless steel and
6A1-4V titanium alloy. Furthermore, very little elevated-temperature data
of th.s type are available. Generel sgreement does not exist as to the
sigui; cance of this type of irformation, although it is recognized that
structural sheet should resist tearing either fram cracks thet develop
slowly from fatigue or suddenly from penetration by foreign objects.
Continuing efforts should be maie to identify tear-resistant structural
materials at low and elevated temperatures, to standariize test methods,

and to establist the signifizance of this type of data in structural
design.

STRUCTURAL DESIGN

Type of Constrauction

Consiacration is next given to structural design. Three types of
construction that may be of particular interest for aircraft wings are

N RN
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shown in figure 3. The view on the left indicates honeycomb-sandwich con-
struction in which the sandwich panels are fabricated either by adhesive
bonding for use st relatively low temperatures or by brazing for appli-
cations at higher temperatures. Construction utilizing an open-face sand-
wich panel is indicated in the view in the center. This sandwich panel
consists of a single corrugated sheet welded to a face sheet and includes
transverse stiffeners attached to the corrugated sheet. The view on the
right shows a stiffened panel type of construction utilizing hat-section
stiffeners that are either welded or riveted to the face sheet. In all
three types of construction the longitudinel webs are corrugated and in
the stiffened-panel design the transverse ribs are also corrugated. Cor-
rugated webs and ribs would alleviate thermal stresses that are produced
by differences between the temperatures of the upper and lower wing sur-
faces. All of these designs are characterized by thin-gage sheet and
generslly close spacing of the supports. These designs also reflect
fabrication complexity that is coupled with high cost, particularly for
the brazed honeycomb-sandwich type of construction. The relative weights
of these types of construction will be examined.

In ffgure 4 the relative weights of the three types of idealized
wing constructions investigated are plotted against the structursal or
loading index. The weight, divided by the square root of the bending
mument, is plotted sgainst the bending m.ment divided by the square
o the wing depth. The boneycomb-sendwich wing indicates the least
weight, the minimum weight of the stiffered-parel wing is 15 percent
greater, and that of the open~face sandwich wing 35 percent greater.

It is significant to note that for & given bending moment the minimum-
weight stiffened-psanel and open-face-sandwich designs are associated
with thinner wings than the minimum-weight honeycomb-sandwich design.
In this plot wing designs representative of same of the current high-
performance fighters appear at values of the loading index greater than
1.0, where weight is not sensitive to the type of comstruction but is
rather directly dependent upon the yield strength of the materisl. The
wing design of & proposed supecrsonic bomber falls in the loading-index
range between 0.1 and 1.0 where the curves indicate e minimum weight.

The relative weights indicated in figure 4 do not include the
weights of attachments between webs and eover panels and do noct include
the weights of the brazing material and reinforcements that are required
with honeycomb-sandwich construction. Some of the indicated weight
advantage of the honeycomb-sandwich construction would be nullified by
the addition of these weights.

Structural Msterials

Next, the influence of structural materials upon structural weight
is examined. This compar‘son is made in figure 5 for several structural
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materials utilizing honeycomb-sandwich wing construction. The weight,
divided by the square root of the bending moment, is again plotted
against the bending moment divided by the square of the wing depth.
Note that the aluminum-alloy and titanium-alloy designs are competitive
welightwise, whereas the stainless-steel design is 4C percent heavier,
and the nickel-alloy deslgn is 75 percent heavier. The significant
point in this comparison is that the most efficlent aluminum-alloy wing
has greater depth than the titanium-alloy or stalnless-steel wing. This
res'1t is of particular interest because titanivm-glloy and stainless-
steel designs are generally associated with high-speed aircraft that
require thin wings for high performance.

Blevated Tempecatures

0 -

Consideration is given next to the effect of elevated temperatures
on structural weight. The minimum weights corresponding to the lowest
point on curves such as those shown in figure 5 have been obtained over
a range of temperatures for ihe indicated materials. These minimum
weights are shown in figure 6. The relative weight of honeycomb-
sandwich wings is plotted asgainst temperature. The resulis are based
on materials data for 1,000 hours of exposure at temperature. These
veight results suggest that sluminum-alloy construciion would be satis-
factory up to spproximately 2000 F, titanium alloy and stainless steel
up to TO00° F or 800° ¥, and René 41 up to 1,200° F or 1,300° F. Above
these respective temperstures, which may be taken as limiting tempersatures
for long-time application, very rapid weight increases are obtained. Note
that for each material shown only & modest weight change occurs between
room temperature and the limiting temperature noted previously for long-
time application. These welght changes are on the order of 10 to 20 per-
cent. Greater differences exist between the wing weights at room tempera-
ture for some of the indicated materials.

These results on structural design have indicated relative weights
of idealized wings for several materials over & range of temperstures.
To date, this study has not been extended to cylindrical shells repre-
sentative of fuselsges over the complete range of materials and temper-
atures indicated in figure 6; however, results approximstely similar
to those preconted would be expected frcm such an analysis.

OTHER FACTORS

Strength Under Nonuniform Temperatures

The weight comparisons presented in figures 4 to 6 have been
obtained under the assumption that the tesperature of the structure is
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uniform. It is recognized that aircrat't structures «will be subjected

to nonuniform temperatures in [light, and for this reason a briefl dis-
cussion on the effects of nonuniform temperatures on structural stremng-ul.
is preoented next. Experimental studies (refs. 2 and 3) gencrally
indicate that maximum strength is independent of thermal stresses that
are induced by nonuniform temperatures, whereas the load for buckling
and permanent deformation is reduced by the presence of thermal stresses.
Some pertinent results on sandwich plates are now examined (fig. 7).

The averege stress at maximum load 0 1s plotted sgainst the average

temperature T for 17~7 Ph stainless-steel corrugated-core sandwiches.
The face sheets of these small sandwich specimens were heated to temper-

atures Tl and T2, and the specimens were then subjected to axial

compressive loading to determine the crippling strength. Tests were made
with temperature differences between the faces of 2000 F, LOO° F, and
600° F. The dashed-line curve indicates experimental strength of the
sandwiches under uniform temperatures, and the solid-line curves are
calculated strengths for the indicated face-temperature differences.
The calculated curves were obtained from a summation of the strengths
of the individual plate elements of the sandwich at the respective
temperature of each element. Experimental data were obtained over the
indicated temperature range and were in sgreement with these calculated
curves. These results indicate that thermal stresses did not influence
the maximum strength. Although maximum strength was not influenced
significantly by thermal stresses in these tests, the importance of
thermal stresses in initiating undesirable deformation shcuid not be
overlooked. Eech structural design will require detailed analysis to
evaluate the effects of nonuniform tempcratures and further studies
with emphasis on design features that minimize thermal stresses but
preserve structurel strength and stiffness are of interest. An example
of such a study is described in reference k.

Creep

The problem of creep at elevated temperatures has attracted con-
siderable attention during the past few years because of 1ts assumed
importance on structursl design. Studies made by the NASA in the past
have indicated little likelihood that creep will be a major problem.
This conclusion wes based on both analysis end upon experimental date
obtained under constant loed and constant temperatures.

This conclusion mgy be drava from figure 8. The required weight
of a tensile member is plotted against temperature for three structural
materials. The solid-line curves indicate the weight required for
strength baesed on ultimate load after 1,000 hours of exposure to temper-
ature. Ultimate load is assumed to be 3.75 times the 1 g load. The
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shaded regions define the temperature range for each material where creep
mey become a factor in structural design. The left boundary of each
shaded area indicates the required weight for 0.02 percent creep strain
in 1,000 hours at 1 g load and the right boundary, the required weight
for creep rupture under the same load and time. Note that the tempera-
ture range where creep mgy become significant for each material is

rather narrow. Furthermore, creep does not become a design consideration
until temperatures are reached where the strength of the material dete-
riorates rapidly. It thus sppears that when temperatures are encountered
in which creep may become a problem, it will generally be necessary to
convert to a material suitable for use at higher temper ture for strength
reasons, snd the creep problem will be eliminated.

Recent studles on structural assemhlies utilizing varying losads
representative of load-time relations for present fighters and bombers
have sgaln supported the conclusion that creep does not appesr to be a
major strictural problem for aircraft. One note of caution is offered.
These conclusions are based on relatively short-~time results compared
with the desired life of some aircraft, particularly trarsports. Some
edditional work to extend the experimental work into longer times may
be of interest; however, it is believed such results will support the
present conclusions.

Sonic Fatigue

In the area of acoustic fatigue, the underlying cause of structural
difficulties is tl= use of increasingly powerful prcpulsion systems.
Considerable effort has been made to obtain & better understanding of
this problem and to improve the . oise resistance capabilities of salr-
craft structures. Examples of some detailed design features that mini-
mize noise~induced structural fatigue are presented herein. Methods
for fastening the skin to the ribs to determine features that are resist-
ant to sonic fatigue are first considered. In figure 9 are shown several
skin-rib Jjoints (ref. 5). The top row of numbers represents the fatigue
1ife in minutes for these various joints at a 160-decibel noise level.
The design shown at the right was also tested at a noise level of 170 dec-
ibels. The design on the left consists of a sheet and rib stiffener
that failed in 17 minutes at the 160-decibel noise level. Addition of
& doubler strip shown in the adjacent figure increased the noise fatigue
life by a factor of approximately 10. The addition of a second rib
stiffener to improve symmetry further increased the fatigue life.
Finally, use of bonding rather than riveting to decrease stress concen-
trations resulted in still further increased fatigue life.

Another form of construction that has been used successfully for
many high-intensity noice applications is the honeycomb-sandwich. 1In
figure 10 & honeycomb-sandwich panel is shown at the top with possible
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dsmage areas due to acoustic fatlgue indicated. At the bottom are shown
various possible schemes for attachment of these panels to the main struc-
ture. Fatigue damsge may occur at the attachment points, in the bend
radius of the edge-former of tne panel, and in the bond between the core
and face sheet or in the cell walls themselves. Among the different edge
treatments indicated, the crushed cell walls are not satisfactory from
the fatigue standpoint because the crushed cells are prone tc fatigue
cracks. Specimens fabricated with a formed doubler at the edge as shown
in the upper right-hand view have survived for 50 hours at a nulse level
of 160 decibels. Other promising edge treatments for which results are
as yet unavailsble include the metal insert and the densified core.

This brief study of sonic fatigue hes indicated some problem areas
in structursl design that will undoubtedly be of importance to future
aircraft. In all probability the acoustic fatigue problem will become
more severe as 8 result of use of high-strength, thin-gage materials,
coupled with construction that will utilize large numbers of tiny weld
joints that are potential sources for fatigue cracks. More detailed
discussion of noise problems associated with manned aircraft 1s contalned
in chapter VIII of this volume.

Panel Flutter

Panel flutter has an important bearing on structural integrity. It
is of particular importance for structural surfaces that are fabricated
from thin sheets of high-strength, high-density materials that are
designed to carry smaell structural loads.

The psnel flutter problem will be examined in terms of same experi-
mentel informetion given in figure 11. (See refs. 4 and 6.) The panel-
flutter perameter in the ordinate is a modified thickness-length ratio

vhere tEFF is an effective panel thickness, L 1s the panel length,

M is the Mach number, E 1is Young's modulus for the panel material,
and q 1is the dynamic pressure at flutter. The parameter on the
gbscissa is & length-width ratio where L 1is the panel length and
Bgpp 18 the effective width of the panel. An envelope curve has been

drawn to enclose the upper limits of more than 100 flutter tests on both
flat and corrugetion~-stiffened pasnels. The flutter region lies below
this envelope curve.

The purpose of figure 1l is to demonstrse . the influence of corru-
gation orientation relative to the airflow on panel flutter. Two tests
are singled out for consideration. Identical square panels fabricated
from thin-gege sheet were tested in the Langley Unitary Plan wind tunnel.
The panel shown at the lower right was mounted so that the airflow was
pPerpendicular to the corruration axis. Panel flutter developed during
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the test and the model was destroyed. The second panel was mounted so
that sirflos was parallel to the axis of the corrugstions and at the
same dynamic pressure showed no indication of flutter. On the basis of
this flutter parameter, & 20-fold increase in dynamic pressure would be
required to move this test point into the flutter region.

The X-15 research airplane has corrugetion-backed falring panels
along the sides of the fuselage with the corrugatlions perpendicular to
the afirflow. Wind-tunnel flutter tests of this fairing pasnel, shown
by the test point indicated that flutter could occur within the operating
renge of the X-15.

Figure 12 shows the falring panels on the X-15 as well as an enlarged
view of the interior side of the panels. The panels consist of s flat
outer sheet welded to an inner sheet that contains the corrugsations.
Indications of flutter were obtained in flight tests. This flutter has
been stopped or at least considerably alleviated by the addition of a
longitudinal stiffener riveted to the crests of the corrugations. It is
of interest to note that fatigue cracks are developing in these particular
panels. These fatigue cracks originate at holes thai were drilled onr the
crest of each corrugation near the panel ends to relieve gas pressure
during heat treatment. These fat Zue cracks continue to develop sub~
sequent to the addition of the transverse stiffener. In view of these
flutter and fatigue difficulties, 1t 1s apparent that contimed efforts
are needed o obtain further insight into these prollems snd to define
structural design: that ere resistant to flutter and fatigue.

CONCLUDING REMARKS

Several structural and materials problems that are of interest for
nenned military aeircraft have been reviewed and pertinent analytical and
experimental results have been presented. Further efforts in these prob-
~m areas have been indlcated in order to guarantee structural integrity
and high performance in manned miiitary aircraft of the future.
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VIII. NOISE: N’&B‘:MTIONS 'HOR ; FUTURK. NANNEI] ATBCRAFT

By Harvey H. Hubbard and Domenic J. Maglieri

N67-33078

i-angley Research Center
INTRODUCTION

Past experience has indicated that the noise problems of an air-
craft are closely related to its design and the manner in which it is
operated. Thus, in order to assess properly the potential noise prob-
lems of & future aircraft, a knowledge of the main features of its
aerodynamic configuration is required as well as an appreciation for
the various mission profiles assigned to it.

The material of figure 1 has been taken from various configuration
studies, and the values listed are thought to be representative of three
future aircraft types to which the discussions of the present paper will
be limited. These are subsonic propeller- and Jjet-powered V/STOL air-
craft, large high-altitude supersonic-cruise aircraft, and special mis-
sion aircraft capable of supersonic flight at low altitudes. The values
given in figure 1 do not apply to any specific designs dbut are believed
to be realistic for these various aircraft types. In this paper there
will be no attempt to document the noise problems anticipated for each of
these aircraft completely, but rather the discussion will be limited to
those problem areas that are inherently associated with each because of
its design and the missions to be performed.

Figure 2 indicates the main sources of noise for each aircraft type.
For the V/STOL type aircraft, the main noise sources are the power plants.
Adverse community reaction to noise during take-off and landing may be a
problem for all three aircraft and will be discussed specifically for the
V/STOL and supersonic transport. Although sonic fatigue due to the power
plants will not be covered in this paper, it should be pointed out here
that the problems for the V/STOL aircraft are similar in nature to those
for current aircraft. Placing power plants in the rear of the airframe,’
a8 has been indicated in many proposed supersonic-transport designs, will
tend to minimize but not aecessarily eliminate the problem. For aircraft
operating at high dynamic pressures, doundary-luyer noise is the main
concern and will be discussed for a range of opcrating conditions of
interest for both high-altitude and low-altitude supersonic aircraft.
Shock-wave-noise problems are, of course, only of concern for supersonic-
flight operations. These will be discussed from the standpoint of min-
imizing annoyance and property damage during routine supersonic-flight
operaticns, and also from the standpoint of maximizing shock-wave-induced

domege for special military missions.
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Of particular concern in the operation of V/STOL aircraft is the
possible adverse community reaction around airports due to power-plunt
noise during take-off and landing operations. Estimates have been made
of the noise characteristics of twoc proposed V/STOL aircraft in an
attempt to evaluate their noise problems for commercial-type operations.
Some of the operating rules assumed for these sircraft are illustrated
in figure 3. It is assumed that they would operate from either conven-
tional sirports or short-haul terminals. All V/STOL aircraft are assumed
to climbout at a 10° geometric angle. This climbout angle is mainteined
to an altitude of 1,500 feet at which point & transition is made to level
flight. This level-flight condition is contirued out beyond the area of
air traffic congestion before the climb to cruising altitude is made.

The reverse of this procedure is used during the landing phase to the
point where the approach is initiated, and then a &° geometric approach
angle is assuued.

Estimated noise data for STOL taske-offs and landings are presented
in figures 4 and 5. The data of the figures apply directly to the
STOL conditions; the principal conclusions, however, also apply to
V/SIOL conditions except in the areas close to the termimvd. Perceived
noise levels (PNdb) for the ~_cation along the ground track of the air-
craft are plotted in figure 4 as & function of distance from the point
of 1lift-off in miles. Also shown on the figure for comparison are
available data for conventional four-engine transport aircraft (ref. 1).
It is assumed that the STOL aircraft has two turboprop engines or two
turbofan engines. The horizontal line of small dashes in the center of
each figure corresponds to an acceptable noise level in some communities
for daylight and early evening operations. Note that levels below the
line are considered acceptable whereas leveis above the line are not
considered acreptable. The main obJjective is to operate in such a way
that the perceived noise levels on the ground become equsel to or less
than the acceptable level in as short & ground distance as possible.
It will be noted from figure 4 that the vropeller- and jet-powered
STOL aircraft achieve acceptable ncise levels in a shorter distance
from lift-off than conventional transports. These reductions result
mainly from the different noise spectrua and the steeper climbout capa-
bility of the SIOL aircraft.

Similar data are presented for landing in figure 5. The obJercive
in landing 18 to operate the aircraft so that the noise levels remain
at scceptable values within as short a distance as possible from the
point of touchdown. It can be seen thet at a given distance from the
point of touchdown the perceived noise levels associalted with propeller-
driven STOL aircraft are somewhat higher than those for the conventional
propeller transports. This increase in noise level is mainly due to
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the higher power sett 1ngs required during landing. The jet-powered
STOL aircraft has lower noise levels than current jet transports because
of different noise spectra and a steeper approach angle.

The airspeed of the STOL aircraft during landing is considerably
lower than that for conventional aircraft, and hence the duration of
noise exposure for an observer on the ground is proportionately longer.
There 1s, thus, a possibility that the acceptable noise ievel for
V/STOL typc operations would tend to be lower than the acceptable level
for conventional airplane operations. Also of concern is the fact that
STOL operations may be carried on at local terrinals in the vicinity of
which the noise tolerance may be less than in more densely populated
areas. It should be noted that the STOL aircraft in landing at a con-
ventional airport would probably touchdown about one mile closer to the
center of the airport than the conventional asircraft. Hence, its noise
at a given distance from the end of the runway would generally be lower
than that for conventional transports.

There is a similar concern for the community reaction to supersonic-
transport-type operations near conventional airports. Climbout will be
made at about a 10° geometric angle, and the approach path will be at
about a 3° geometric angle.

In figure 6, perceived noise levels are plotted as a function of
horizontal distance in miles from the point of lift-off and touchdown.
Comparisons are again made with available data for conventional
transport-type aircraft which are indicated by the hatched areas in
the figure. For the take-off condition, the turbofan-powered super-
sonic transpor* (SST) is seen to have lower perceived noise levels than
the current Jjet-transport aircraft. This results mainly from the fact
that the larger thrust-to-weight ratic of the supersonic trensport makes
it capable of a steeper climbout angle.

For the landing condition in which the approach angles are about
equal to those presently being used, the estimated range of perceived
noise levels fnr the supersonic transport are shown by the crosshatched
area in figure 6. A range of values is included because of *the uncer-
tainty in evaluating the airframe noise component. If noise from the
airframe were not significant, then it is believed that the overall
perceived noise levels during landing could be reduced to velues near
the lower extremity of the crosshatching in figure 6.

If turbojet engines with noise suppressors were used, it is
believed that the obtainable perceived ncise levels would only approach
those of the upper extremity of the crosshatched area in the figure.

TN 4 A nesen +h ~P od A8
Furthermore, the problem of providing acceptable ncise suppresscre for

this type of aircraft is a formidable one because of the requirements
for variable area exits and retraction during cruise flight.
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BOUNDARY-LAYER NOISE

On current airplanes the boundary-layer noise is mainly of concern
from the standpoint of passenger comfort. For future aircraft, parti-
cularly those capable of supersonic-flight speeds, there is & concern
not only for passenger comfort but also for noise-induced damage to the
skin structure of the airplane.

Results from & large number of experimental investigations have
suggested that the boundary-layer-noise pressures on an aircraft surface
are roughly proportional to the local dynamic pressures (ref. 2). A
brief summary of existing information relating to surface-pressure levels
is gliven in figure 7 for a range of dynamic pressures of interest for
future aircraft. In this figure, the term ﬂ%g is the mean square of
fluctuating pressure and q 1is the dynamic pressure. Experiments at
subsonic speeds have indicated that the noise pressures are approximately
equal to 0.006 times the dynamic pressure. This relationship is illus-
trated by the solid line in figure 7. Recent wind-tunnel and flight
tests have indicated that the empirical constant in the above relation
may be as low as 0.002 at supersonic speeds. This difference is equi-
valent to about 10 db, as indicated by the hatched area below the solid
line. On the other hand, recent measurements from Project Mercury space
vehicles have indicated that in regions of separated flow the surface-
pressure levels may be as high as 10 db above those indicated by the
solid line. (See figs. 8 and 9 of ref. 3.) This increase due to flow
separation is indicated by the crosshatched area above the solid line.
Thus, at any given value of dynamic pressure, a wide range of surface-
pressure levels may exist depending on the flow conditions. Shown also
on figure 7 is a horizontal dashed line at a surface-pressure level of
140 db. It is believed that pressure levels higher than this may, under
some conditions, cause structural damage. The locations of the ticks
and the sketches at the bottom of the figure indicate the approximate
maximum dynamic-pressure values associated with each aircraft type. It
can be seen that the STOL type aircraft will probably encounter little,
if any, damege to the structure because of boundary-layer noise. On
the other hand, th~ supersonic transport and special mission alrcraft
will probably bave large areas of surface structure over which the
pressure levels are sufficiently high to cause damage.

Further considerations relating to the boundary-layer-noise prob-
lem are illustrated in figure 8. Boundary-leyer thickness and surface
pressures are indicated as a function of distance along the alrplane
fuselage. At the front of the aircraft, there is a region of laminar
flow in which the surface-pressure levels are relatively low. Where
the shading begins there 1s then a transition to turbulent boundary
layer a short distance back along the fuselage and this turbulent
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boundary layer thickens up toward the resar éf %hé aircraft. Measurements
have suggested that the overall fluctuating surface-pressure magnitudes
are essentially constant along the fuselage although the spectrum shape
varies considerably with boundary-layer thickness. As a result of this
spectrum change, the surface pressures vary as indicated schematically

in the bottom part of the figure. Near the front of the airplane, where
the boundary layer is thin, the high frequencies predominate and the

low- (audible) frequency pressures are small, Toward the rear of the
aircraft where the boundary layer is thicker, the low frequencies pre-
domipate and the high- (ultrasonic) frequency pressures are small (ref. 2).
The problems of acoustic fatigue of the skin surfaces and noise insulation
of the interior compartments both involve the dynamic responses of the
structure which are usually in the audible-frequency range. Thus, it
would appear that both the acoustic-fatigue problem and interior-fuselage
noise would be more troublesome in the aft portions of the aircraft.

SHOCK-WAVE NOISE

Additional sources of noise in the operation of superscnic air-
craft are the shock waves which result in sonic booms. Although these
resulting sonic-boom disturbances may be observed throughout all super-
sonic phases of the flight, the most serious problems appear to be
associated with the climb phase where sonic booms may be produced at
reduced altitudes (ref. L).

The material of figure 9 suggests an approach to solving the sonic-
boom problem for the supersonic transport during the climb phase. The
hatched area represents combinations of Mach number and altitude which
mey result in damage to structures on the grov.id. The shaded area above
the hatching represents combinations of Ma~h number and altitude for
which sonic booms will be observe? on the groand and which may be
annoying but will not cause damage.

The main objective in this flight operation is to travel from
ground level to cruise conditions without intersecting the damage area.
This may be accomplished by climbing subsonicelly to some intermediate
altitude, accelerating to supersonic speeds i level flight, and then
finally climbing and accelerating to cruise c:nditions. This altitude
of 35,000 feet is considered an absolute ainimum value and for a large
airplane should probebly be in the vicinity of 45,000 feet.

There has been some concern sbout being able to make predictions
of the sonic-boom pressures for the case of a large airplane at high
altitudes for wnich it has been shown theoretically that the 1ift com-
ponent of the boom pressure might be relatively large (ref. 5). Experi-
mental date under realistic flight conditions are urgently needed for
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correlation with results of analytical studies and to evaluate the
atmospheric propagation losses. An extrapolation of data from fighter
- airplanes at high altitudes suggests that cruise-flight altitudes in
the vicinity of 60,000 to 70,000 feet may be acceptable for the super-
sonic transport.

Because of the lncreased performance capability of some proposed
aircraft, it will be poscible to operate at supersonic Mach numbers st
very low altitudes. The question has arisen as to the possibility of
doing enough damage as a result of the sonic boom to warrant its use as
a tactical weapon in a mamner 1llustrated in figure 10. The airplane
would be flown on a low-altitude pass over a suitable target area in
such a manner as to expose it to damaging pressures in a short interval
of time. Sach an operation might have the effect of temporarily inerting
some types of enemy activity on the ground over fairly large areas.

Indications of the nature of the pressures obtainable and their
effects are given in figure 11. When the airplane is at a relatively
high altitude, that is several thousand feet, the pressure signature
has the characteristic "N" wave shape as illustrated in the lower
sketch. Peak overpressures 4p up to about 10 lb/sq ft are obtainable.
In this pressure range, humans and animals are startled, and damage has
occurred tc large plate glass windows and to plaster walls.

When the alrplane 1s at a relatively low altitude, the pressure
signature has a shorter period and is much more complex in nature as
illustrated in the upper right-hand sketch of figure 11l. Peak over-
pressures Ap up to about 100 lb/sq ft have been obtained for fighter
planes operating overhead at a vertical distance of about 150 fect.

Up to overpressures AOp of 100 lb/sq ft, no lasting physiological
effects were noted for people repeatedly exposed, although they were
startled and may have suffered some temporary hearing loss. Widespread
window damage has occurred, and in some cases buckling of wall and roof
panels has occurred. There have also been incidents of malfunction of
nonruggedized pressure-sensitive electronic equipment. Measurable verti-
cal and horizontal earth motions have been recorded for a wide range of
supersonic-flight conditions.

CONCLUDING REMARKS

In conclusion, some of the principal noise problems anticipated
for future aircraft types such as the subsonic V/STOL airplane, the
supersonic transport, and the special mission aircraft capable of
supersonic flight at low altitudes have been discusred. The main noise
sources are noted to be the power plants, the boundary layer, and the
shock waves. Engine-noise problems will be of particular concern in
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commercial-type operations of ¥/STDL 'and’the' 'supersonic transport, par-
ticularly during the landing operation. Boundary-layer noise 1is of
importance for aircraft such as the supersonic transport and any special
mission aircraft that fly at high dynamic pressures. Special provision
will have to be made in the design of the supersonic transport to allow
it to operate at sufficient altitudes so as to minimize sonic-boom dis-
turbances on the ground and to avoid damage. The ability of the sonic
boom to create some types of structural damage may be used to advantage
for special tactical missions.
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Figure 1
PRINCIPAL NOISE SOURCES
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K. SIMENTEeN"REQUIREAANGS Ra! THb DEELOPSENT
OF ADVANCED MANNED MILITARY AIRCRAFT

By Euclid C. Holleman
.. Flight Research Center N @7 = 3307 9

ignd Melvin Sedoff,
. Ames Research Center

INTRODUCTICN

Paralleling the large increasse in the performance cepebility of
present sirplanes has been the increase in the problems commected with
the design and operation of these airplanes. Many methods have been
devised to study these problems, but perhaps no single method of analy-
sis has achieved the success and universal acceptance accorded the
flight simulator as a design and research tool. The simulation of
flight is a relatively new art which depends to a large extent on the
ingenuity of the designer of the simuletor. Of course, the use of a
flight simulator will ncver replace actual flight. However, because
of the increased usefulness of the simulator for airplane design and
for the reduction of f1lIght. time, much more effort is being expended
to improve the realism of the flight simulator and to increase its
flexibility.

Some of the most useful simulations have involved the pilot in the
control loop. A drawing illustrsting a pilot-uperated flight simulator
is presented in figure 1. Illustrated is the flow of ifrormation from
the computer to the pilot and back to the computer. The pilot is the
key link in closing the control loop.

The National Aeronautics and Space Admiristration has hed consid-
erable experience with s wide variety of piloted-flight simulators from
simple, inexpensive, fixed-chair types to complex and expensive human
centrifuges and variable stability and control airplanes. As is indi-
cated in figure 2, these simulators fall logically into two groups,
ground based and airborne, by virtue of their operating enviromment.
The fixed~base simulator setup is described in figure 1. The moving
visual enviromment (fig. 2) refers to a dome-type simulator or a
television-camera sensor with appropriate projection on & screen in
front of the pilot's cockpit. The moving-base simulators provide
linear acceleration, such as the normal-acceleration chair or the human
centrifuge at the Naval Air Development Center, Johncville, Pa. Other
similators provide angulsr acceleration or attitude; an example is the
piteh-roll chair. The flight vehicles refer to variable-stability

D ——




14k e e o TR . -
e @ L b'b'. ® & & e o o * &
e e DR - & L L I 4 L] * e o O
e @ * o *e @ v L ] LN J [ L d > e »
o® ®we o * O L X ] e & © o0 SO XX 2 LX ]

airplanes (for exemple, the NASA modified F-100C airplane) & varisble-
stability helicopter, and a variasble-stability VTOL (the X-14). Variavle-
control-system alrplenes have also been tested, as has a variable-control
helicopter. The low-dynsmic-pressure airplane refers to reaction-
control tests with the F-104, whereas the low-lift-drag-ratio landing
tests refer to the simulation of the X-15 landing with the F-10h.

Some of the typical aircraft design problems that have been studied
in varying degrees by using flight simulators are as follows: Dbasic
stability and damping requirements, piloting techniques, emergency pro-
ccdures, evelustion of displays, primary control systems, augmentation
systems, landing techniques, and performance and ranging. Much effort
has been spent in the aress of stability and control, piloting techniques,
and augmentation systems. This backlog of experience has provided con-
siderable information on, and insight into, the simulator complexity
required for a wide variety of sircraft design problems. The purpose of
this paper is to review same of the more recent simulator results with
emphasis on the airplasne-design problem areas. Some of the simulator
requirements for V/STGL and a low-altitude attack sirplane will also be
presented. Areas requiring additional effort are discussed briefly.
Simulators for crew training, however, are not considered in this paper.

SYMBOLS
b reference lateral length, ft
Ca rolling-moment coefficient
acy
Y " 7w
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Ba 38‘
Cm pitching-moment coefficient
ch
Cmq =
%)
\2v/




W o+

Cmgy ?f
.
c
I
Iy
qOSb2
Ty
b
e
_ 9g8e?
Y = 2VIy
Sc
%o = L
D
q
a
s
Vv
aa
5&
g
®n

reference longitudinal length, ft

inertia in roll, slug—ft2

inertia in pitch, slug-ft2

Cy s DPer sec
by

Cla , ler sec2

a

C_ , per sec

lnq

Cms , ber sec?
e

rolling velocity, radian/sec

pitching velocity, radian/sec

dynamic pressure, lb/sq ft

reference area, sq ft

velocity, ft/sec

maximum laterslecontrol deflection, radian
meximum longitudinal-control deflection, radiian
damping ratio

undemped natural frequency, radian/sec
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DISCUSSION

To be effective, a flight simulator should prompt pilct response
and comment similar to that obtained dQuring actual flight. Pilot opinion,
then, is the prime measuring device for determining the effectiveness of
the simulation. Therefore, program results will be reviewed where pilot-
opinion comparisons between simulator and flight are available.

By using simulators and verisble-stability airplanes, the stability
end damping requirements for both the longitudinal and the lateral direc-
tional modes of airplanes have been studied. Representative results sre
presented in figure 3 showing areas, obtained in flight with a variable-
s.ebility airplene, that were considered by the pilots to have satis-
factory, unsatisfectory, unacceptable, and uncontrollable lcagitudinal
characteristics. In order to determine the effectiveness of the simu-~
lators, this same range of alrplane dynamics has been investigated by
the same pilots by use of a fixed-base and & moving-base simulator (the
pitch-roll chair). Figure 4 correlates the pilot-opinion results
obtained with the piloted simulator with those obtained in flight. The
correlation of both simulators with flight is near verfect until tr=
region of poor sirplane dynamic characteristics is reached, where the
fixed-base-simulator correlation becomes poor. The moving-base simulator
correlates to extremely poor dynamics. In fact, dynamic characteristics
which were unflyable with the fixed-base simulator were controllsble
with the moving-base simulator and in flight; thus, there is a need for
motion stimulus in the case of very poor dynamics. The fixed-base simu-
lator, however, was completely satisfactory for & wide range of airplane
dynamics including the unstable range of airplane characteristics and
gave at least qualitative pilot ratings even in the poorest areas such
as high-frequency low damping. Investigations have also been conducted
for lateral and directional airplane dynamics and lateral-control coupling,
and similar results were obtained.

In addition to the work on conventional aircraft, considerable
ground-based simulator work has been completed recently to define
control requirements for V/STOL type aircraft. Concurrent flight tests
of these V/STOL aircrafi have permitted a preliminary comparison between
single-degree~of-{rcedom simulator results and the hovering-control
requirements from flight tests.

Data obtalned during this study are shown in figure 5. It should
be noted thet the important paremeters are control power and damping.
Also shown are the basic control power and damping characteristics
measurad in flight for several VIOL alrcraft. Although the flight data
are limit~d, the single-degree-of-freedom simulator results would indlcate
that airplenes C ani D fall in the region of satisfactory pitch-control
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characteristics, whereas aircraft A and B would be expected to be unsat-
isfactory. Similarly, the roll control of airplanes A and C appears to
be satisfactory, whereas alrcraft B is definitely in an unsatisfactory
region. Actual flight evaluations of the pitch and roll controllability
of these aircraft are correlated with the pilot cpinions from the moving-
base simulator in figure 6. Genersally, the predicted ratings from the
moving-base simulator tests are in fairly good agreement with those from
flight; however, they appear, in general, to be optimistic; that is, the
simulated sirplane was easler to fly than the actual airplane. Some of
these differences might be attributed to such factors as control-system
"deadband" and friction, which were not simulated.

Although no quantitative comparisons are availsble for fixed- or
moving-base simulators and flight evaluations of overall hovering and
transition characteristics of V/STOL alrplanes, it is felt that a brief
qualitative resumé of experience to date mey be of interest. From the
pilots' point of view, an analytical six-degree-of-freedom simulation
with a moving cockpii which provides pitch and roll motion has proven
very valusble for pilots' practice of expected control problems prior
to initiel flight tests. The simulator also permitted the pilot to
determine piloting techniques for recovery from unusual flight con-
ditions. However, because the simulation did not include an adequate
presentation of the external visual references that the pilots would
have in flight, the pllots observed no direct correspondence between
hovering height control and transition in the simulator and in flight.
When definite limitations 1n the simulation have been noted on the
plloted-flight simulator such as Just described, it has been helpful
for the pilot in evaluating a new configuration to fly the simulation
of an airplane with which he has had recent flight experience. This
procedure serves to orient or calibrate the pilot to the limitation of
the simulation so that he can evslumste objectively the relative diffi-
culty of the new alrplane control task.

Recent pilot evaluations of fixed-cockpit simulators, which provide
six-degree-of-freedom simulated external visual environment, have indi-
cated that this type of simulator is edmirably suited to the V/STOL
simulation problem, particularly for accurately evaluating the hovering
and transition characterlstics of the airplane. The addition of three-
axis angular motion magy be desireable but, perhaps, is not essential for
this problem.

Another design problem in which the simulator has been used is fc~
checking the pilot's presentation. Tests have been made with an airplane,
& moving-base s!mulator, and & fixed-base simulator to compare the pilot's
performance while tracking with an inside-out and an outside-in target
display. The rerformance of the pilots was very poor with the outside-
in display for both the flight and moving-base simulator, whereas the
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performance with the inside-out displasy was acceptable. These results
did not correlate, however, and thus some besic deficiency in the pres-
entation or motion stimulus was indicated. With the fixed-base simu-
lator the pilot's performance with elther of the displeys was compa~
rable and showed the gbsence of motion-stimulus effects. From these
tests, it was concluded thet a fixed-base simulator should not be used
for the evaluation of tracking displays and that the results fram
moving-base simulators should be extrapolated to flight only with
reservation.
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The fixed-base simulator has also been used during the design of
airplane instrument displsys. Eerly in the piloted simulator program
of the X-15 eirplane & scanning problem was noted by the pilots and,
as a result, a rearrungement and a consolidation of the panel instru-
ments was made. Tests rith a moving-base simulator (centrifuge) con-
firmed the improvement afforded by these changes. No new presentation
deficiencies have arisen during current flight tests.

A requirement has been indicated for several types of manned milie
tary airplanes. One example is the low-altitude attack airplane. This
airplane is not too unlike conventionsl alirplanes and, as with any new
development program, design and opersastional problems are expected. Some
of these problems are longitudinal- and lateral-control sensitivity,
response to turbulence, and control and aerodynamic coupling.

Previous programs haeve indicated that these problems can be resolved
by using a fixed-base simulator with one exception, the piloting problem
encountered with s high-performance airplane in turbulent air. Recent
tests have shown that both controllability and pilot fatigue are impor-
tant under these conditions. A moving-base simulator which duplicates
the normal acceleration of the airplane will be required for this prob-
lem. Figure 7 illustrates such a simulator, the NAA g-seat. This type
of simulastor is & relatively inexpensive piece of hardware and could,
it appears, Justify its cost for the investigation of this one problem.
The inclusion of pitch and bank angle of this simulator would edd realism
but would probably not be required.

Thus far, specific~design problem areas that have been investigated
on simulators and in flight have been discussed. In order to illustrate
further the importance of the piloted-flight simulator, & design progrem
that probably would not haeve been possible without the piloted-flight
similator - the X-15 research airplane program - is considered briefly.
Flight simulators dictated many important design changes to the airplane,
but perhaps their most important contribution was to emphasize the need
for a complete simulation. The difficulty of the control task during
ceriain parts of the {iight envelope showed the need for a moving-base
simulation program t0 inveetigate the capabilities of the pilot while
subjected to the accelerations expected of the airplane. Consequently,
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a program was conducted by utilizing the human centrifuge to impose the
expected acceleration on the pilot while piloting the simulated X-1%
mission. The mechanization of the centrifuge for this prcgram is shown
in figure 8. During this simulator program it was determined that, even
at the highest acceleration expected, there was little deteriorati ,n in
the pilot's performance; thus, if the accelerations are velow tf.. physi-
ological limit of the pilot, his performance will be unaffected.
Exposure to the expected accelerations increased the pilot's confideuce
in his ability to cope with the problems of actual flight. Experi.rnce
from seversl centrifuge programs has shown that, to determire the tol-
erance limit tu acceleration, a centrifuge ic necessary; however, for
the investigation of airplane control problems with the centrifuge,
serious problems have been noted because of spurious motion cues.

At present, a complete six~degree-of-freedom fixeu-base X-15 simu-
lator, including the control-system hardware, an airplane-like cockpit
with functional pilot's controls, and actual electronic components of
the stability-sugmentation system, is being used for flight planning,
pilots' practice for flight, and for verification of airplane flight
behavior after flight. The pilots have enthusiastically endorsed the
use of the fixed-base piloted-flight simulator for becoming acquainted
with the piloting task before actual flight. Perhaps the most signif-
icant contribution of the X-15 simulator program will be correlation
of the data fram flights, moving base simulators, and fixed-base simu-
lators for defining the simulator requirements for the design of future
manned militery and research airplanes.

Some results of simulator studies which have provided information
concerning the type of simulator best suited for different investigations
have been described. A few areas where continued effort would result in
large dividends will now be discussed.

While investigating the steep-glide approach to a landing, by using
the piloted-flight simulator, it was necessary to resort to actual flight
with & test airplane because of the lack of realism of the simulator with
a conventionsl presentation. In this ares the simulation of the sairplane
flight enviromment by televised projection would be admirably suited.
While a moving visual enviromment is being considered, another area
requiring continued study is the blending of visual and motion stimuli
on the simulator. An example of the effective use of this blending 1s
the DC-8 simulator, in which the initisl anguler-acceleration motion is
simulated and the motion effect is continued by the visual environment.
Pilots report that this simulation of flight is very realistic.

In order to simulate adequately problems of lung duration that cover
e wide range of operating conditions (navigation, for example), greater
accuracy of the analog computer is required. Digital-computer elements
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and converters are available; however, the present cost of this equipment
for most piloted-flight-simulator applications may be prohibitive,

CONCLUDING REMARKS

The fixed-base simulator with adcquate presentation and controls
is satisfactory for the investigation of a wide range of airplane prob-
lems; however, there are areas where realism can be enhanced by suit-
able motion and visusl-environment stimuli. Concerted effort to increase
the usefuiness and realism of the simulation will yield large dividends
in the form of reduced costs of design and flight test of manned air- '
planes. Finally, cauticn should be exercised in mechanizing the piloted-
flight simuletor to avoid unnecessary complexity and costs which would
actually retard the development of ti.e alrplane.
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VIOL aircraft: Helicopters will continue to be the best VIOL for
missions where long hovering time is required and where low speed and
short range are acceptable. Compound helicopters are expected to give
& small increase in cruising speed and range. The propeller-driven
tilt-wing and flap configuration is considered to be one of the most
promising VIOL types, particularly for use on transport missions where
long range is required and where higher speed is advantageous. Although
8 great deal of research and development will be required before optimum
operational VIOL aircraft will be obtained, progress in this field has
advanced to the point where operationally useful machines of the most
promising types cen be designed and built. A great need at the present
time is for experience with VIOL alrcraft to demonstrate their potenti-
alities and to define more clearly the service requirements in the
various areas.

Variable-sweep multimission aircraft: Recent research on variable-
sweep wings has led to the development of configurations having accept-
eble stability and control characteristics over a large wing sweep angle
variation without the previously required wing translation. This
develcopment opens a new potential for improving the compatibility of
the configurations needed for optimum performence at supersonic and
subsonic flight conditions, and thus offers greatly improved aircraft
versatility. It appears. for example, that one properly designed
veriable-sweep airplane will be able to accomplish & number of impor-
tant missions such as transoceanic ferry, extended subsonic patrol or
loiter, long-range high-altitude supersoaic attack, and long-range low-
level supersonic attack. Efficient STOL performance also can be pro-
vided in the same aircraft if desired, in order to permit operation out
of very small fields. It is estimated that the weight and size of such
a multimission airceraft will not appreciably exceed the weight end size
of any of the specialized single-purpose aircraft which it can replace.

Supersonic cruise aircraft: Supersonic cruise efficiency comparable
to that of present subsonic jet transports has been shown to be attain-
able within the present state of the art. Recent research indicates
further potential gains by reduction of turbulent skin friction through
boundary-layer injection and by improvements in drag due to 1ift. For
commercial supersonic transports the major aerodynamic problems are
found in the off-design areas, such as take.off and landing, transonic
acceleration at high altitude, and subsonic crulse efficiency.

Air-breathing propulsion systems: The current status of propulsion
system components designed for Mach 3 flight has been reviewed, and it
has been shown that reasonably high levels of on-design performance can
be obtained. Off-design performance improvements are necessary and will

i
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require a great deal of individual tailoring. The turbofan engine
appears to offer advantages over the turbojet in the areas of take-off
noise, off-design speciflc fuel consumption, higher augmentation ratios
at transoni~ speeds, and lower temperatures during supersonic cruise.
Some disadvantsges mey be s greater frontal area for a given thrust and
larger inlet ard ducting weights than the turbojet. In spite of these
disadvantages, the desirable characteristics appear to mske further
development of the turbofen highly werranted.

The X-15 flight research program: The research objectivzs of the
X-15 flight program were formulated to provide information over a wide
range of conditions pertinent to the development of advanced military
aircraft. The flight results obtained thus far indicate reasonable
agreement with wind-tunnel predictions regarding aserodynamic forces and
heating up to & Mach number of 3. Current plans are to extend the data
on the X-15 to these and other aerodynamic, structural, and systems
problems in the speed range between Mach numbers of 3 and 6.

Hypersonic-cruise vehicles: Aerodynamic lift-drag ratios have been
obtained on both hydrocarbon-fuel and hydrogen-fuel vehicles which are
high enough to provide desirable cruise ranges. The thermodynamics of
the ramjet units yield values of propulsive efficiency which, when
coupled with the aerodynamic efficlency, indicate desirable range-
payload possibilities. The aerodynamic heating of the vehicles is low
enough that it is within the present construction capebility of the
aviation industry.

Structures and materiasls: Structural design and structural mate-
rials have an important bearing on the integrity and performsnce of
military aircraft. Weight-strength considerations are useful in the
selection of materials; however, other factors such as tear resistance
are becoming increasingly important, perticularly for transport-type
aircraft. Various types of structural construction are of interest
for high-density heat-resistant materials. These include honeycomb-
sandwich, open-face sandwich, and skin-stringer types. Among these the
honeycomb-sandwich construction generally yields the lightest structure.
For wing-type structures the most efficient honeycomb-sandwich construc-
tion yilelds a deeper wing than either the most efficient skin-stringer
or open-face sandwich. Other factors that are important in aircraft
structures include strength under nonuniform temperatures, sonic fatigue,
and panel flutter. Creep, on the other hand, will in all probabilivy
not be a major structural problem.

Noise considerations: The main noise sources anticipated for future
aircraft types such as the subsonic V/STOL airplane, the supersonic
trausport, apd ilhe special mission low-aliitude supersonic aircraft, are
noted to be the power plants, the boundary layer, and the shock waves.
Engine noise problems will be of particular concern in commercial type
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operations of V/STOL and the supersonic transport with respect to
adverse reactions in communities near airports, particularly during

the landing operation. Boundary-layer noise is of importance for air-
craft such as the supersonic transport and any special mission aircraft
that fly at high dynamic pressures. ESpecial provision will have to be
made in the design of the supersonic transport to zllow it to operate
in such a way as to minimize sonic boom disturbances on the ground and
to avoid damage to ground structures. The ability of the sunic boom

to create structural damage may be used to advantage for some special
tactical missions.

Simulation requirements: The flight simwator has been universally
accepted as an effective tocl for manmed sircraft design and operaticnal
research. The fixed-base simulator with adequate presentation and con-
trols has been satisfactorily employed for investigstion of a wide range
of problems. Furthermore, its value may be enhanced by the inclusion of
certain motion and visusal-environment stimuli; such studies, for example,
would be useful in the evaluation of hovering and transition character-
istics of V/STOL aircraft or control and response of the low-level attack
airplane. Televised projection techrniques and the blending of such
visual stimuli with motions are expected to improve the simulation of
flight environment for low-level flight and landing approaches. However,
caution must be exercised to avoid prohibitive complexity and cost in
similators, even though the technology for provision of more complete
simulations is svailable.

National Aeronautics and Space Aauainistration,
Washington 25, D.C., August 26, 1960.
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